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ABSTRACT

This thesis presents a comprehensive study of the chemical and optical properties of
ambient aerosols (with emphasis on carbonaceous species) collected from high-altitude
sites (Manora Peak and Mt Abu) and an urban location (Kanpur) in the Indo-Gangetic Plain
(IGP). The mass concentrations of OC, EC and WSOC at an urban site are an order of
magnitude higher than those at the high-altitude sites. The source variability, emission
strength, secondary aerosol formation and boundary layer dynamics, all contribute
significantly to the seasonal trend in the mass concentrations of carbonaceous species at
Kanpur. Based on the chemical tracers (K* concentration, K’/OC: Av= 0.06 + 0.03 and
OC/EC ratios: Av=7.8 = 3.4), biomass burning emission (wood-fuels and agricultural
waste) has been identified as a major source of carbonaceous aerosols. The WSOC/OC
ratios vary within a narrow range (~0.35-0.40) at Kanpur during wintertime; whereas the
elevated ratios (~0.55) during summertime suggest significant contribution from secondary
organic aerosols. The highly acidic environment (S04 and NOs aerosols) over IGP,
during the wintertime, may significantly alter the morphological features of EC. In
addition, the secondary aerosol formation and their hygroscopic growth (through
nucleation/coagulation) can enhance the scattering properties of aerosols, a process that can
be invoked for the poor visibility over northern India during the wintertime.

A novel approach is also proposed for the determination of absorption coefficient
(bans) @and mass absorption efficiency (caps) of EC using simultaneous measurements of
optical-attenuation (at 678 nm) in the thermo-optical EC-OC analyzer. At Manora Peak and
Mt Abu, baps is 13.7 + 7.3 and 5.8 + 4.3 Mm™ respectively; and that at urban site (Kanpur)
is 42.7 + 17.9 Mm™. The s varies from 4.3 to 20.9 m?g™, unlike the constant conversion
factor used in optical instruments for the determination of BC concentration. The in-situ
measurements of optical properties along with the aerosol chemical composition (this

study) are useful for the inter-comparison with other techniques/measurements.

Keywords: Elemental and organic carbon (EC, OC), water-soluble OC (WSOC), OC/EC
and WSOC/OC ratios, secondary organic aerosols, aerosol absorption coefficient (baps),

mass absorption efficiency of EC (oaps), Indo-Gangetic Plain (IGP)
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CHAPTER-1

INTRODUCTION

1.1  Atmospheric aerosols and Earth’s radiation budget

Atmospheric aerosols, an important component of the atmosphere, are derived
from a variety of sources (natural and anthropogenic) and are composed of wide-
range of particles having different chemical composition, size (0.001 um to 100 pum),
shape and optical properties. They are mainly confined to the lower troposphere
wherein intense vertical and horizontal mixing takes place. As a consequence, large-
scale temporal and spatial heterogeneity in aerosol loadings of the atmosphere is
observed. The abundance of aerosols in the atmosphere is either quantified by their
total mass concentration (ug m™) or by an optical measurement referred to as aerosol
optical depth (AOD). The latter parameter is defined as the vertical integral of the
fraction of incident light scattered or absorbed over the entire height of the
atmosphere. The absorption and/or scattering of the solar radiation and the estimates
of atmospheric radiative forcing due to the long-lived greenhouse gases are well
constrained in the magnitude with a high level of scientific understanding [IPCC,
2007]. According to the newer estimates of the IPCC, it is well recognized estimated
that net radiative forcing due to carbon dioxide (CO,), methane (CH,4) and nitrous
oxide (N20) is +2.30 W m™ (range: +2.07 to +2.53 W m™). In contrast, atmospheric
aerosols have short residence time (few days to a week) and are projected to have a
regional to global impact on the radiation budget. The total direct radiative forcing
due to aerosols is of the order of -0.5 W m™ (range: —0.9 to —0.1 W m™) and an
indirect radiative forcing of 0.7 W m™ (range: -1.8 to -0.3 W m®) [IPCC, 2007].

Atmospheric aerosols, thus, produce a net cooling effect (negative forcing), however
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these estimates carries a large degree of uncertainty and the level of scientific
understanding still remains medium to low [IPCC, 2007]. The large uncertainty in the
estimation of radiative forcing is mainly attributed to the relative increase in the
concentrations of absorbing black carbon and considered to be much larger than the
overall increase in the abundance of scattering anthropogenic aerosols [Myhre, 2009].

1.2 Sources, size-distribution and residence time of aerosols

Natural and anthropogenic emissions are the main sources of atmospheric
aerosols. The natural sources of aerosols include the wind-blown dust, sea-salts and
volcanic eruptions (episodic events) whereas emissions from fossil-fuel (vehicular,
industrial and coal-based) and biomass burning (wood-fuel and agricultural-waste)
are among the major anthropogenic sources of aerosols. Atmospheric aerosols can
also be formed through the oxidation of volatile organic compounds (VOCs) yielding
low volatile species (called as secondary organic aerosols; SOAs) which can
coagulate to either form aerosols or directly condense onto pre-existing particles. The
secondary inorganic aerosols (SO4* and NO3) are formed by the oxidation of their
precursor gases (SO, and NO,, respectively) in the atmosphere [Seinfeld and Pandis,
1998]. However, a small fraction of SO,* aerosols are derived from the sea-salts
[Chester, 1990].

The specific knowledge of the size-distribution of atmospheric aerosols is
essential in order to understand their interaction with the solar radiation and various
heterogeneous reactions [Seinfeld and Pandis, 1998]. The size-distribution of
atmospheric aerosols exhibits a bi-modal distribution and is classified into two main
categories: fine-mode (< 2.5 um) and coarse-mode (> 2.5 um) particles. The fine-
mode aerosols are further sub-divided into two categories: ultra-fine (0.01 to 0.1 um,
e.g. mainly combustion generated aerosols or fumes) and sub-micron particles (0.1 to
2.5 um, e.g. biological particles and bacteria). Sub-micron particles are important
because of their high scattering efficiency, long residence time and that they can act
as cloud-condensation nuclei (CCN). In addition, their large surface area makes them
an important constituent for the heterogeneous-phase chemistry. On the other hand,
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coarse-mode aerosols contribute to the maximum aerosol mass and aerosol optical
depth (AOD).

Atmospheric aerosols are removed from the atmosphere either by gravimetric
settling (dry deposition) or by the scavenging with rain-water (wet deposition). Dry
deposition of atmospheric aerosols critically depends on their sizes (Stoke’s law) and
hence, smaller particles have larger residence time in the atmosphere and vice-versa.
The residence time is defined as the average time spent by an aerosol in the
atmosphere before it is removed. In general, the life-time of atmospheric aerosols
varies from a few days to weeks [Seinfeld and Pandis, 1998] and thus, have local to

regional effects on aerosol chemistry, transport, radiative forcing and climate.

1.3 Chemical composition and optical properties of aerosols

The chemical composition of atmospheric aerosols is highly variable on
spatial and temporal scales. Their chemical composition depends upon the
geographical location, types (urban, rural or high-altitude), sources and their emission
strength, meteorological conditions and transport patterns of aerosols toward the
sampling sites. Over urban and rural atmosphere, carbonaceous aerosols contributes
to the majority (~30-50%) of the aerosol mass followed by water-soluble inorganic
species (WSIS) and mineral aerosols [Andreae et al., 2008; Fuzzi et al., 2006; Guo et
al., 2010; Kanakidou et al.,, 2005; Rengarajan et al., 2007; Tare et al., 2006].
Aerosols at high-altitude locations are strongly governed by the long-range transport
and hence, their chemical composition is governed by the transport patterns,
secondary formation and chemical processing in the atmosphere [Carrico et al.,
2003a; Cong et al., 2008; Cozic et al., 2008; Decesari et al., 2010; Hegde et al.,
2007; Kumar and Sarin, 2009]. For example, Zhang et al. [2007] have reported that
~95% of total organic aerosols at remote locations consists of oxygenated organic
aerosols compared to ~64% at urban and ~83% at urban downwind sites. Decesari et
al. [2010] have reported that ~55% of total organic carbon (OC) was water-soluble at
a high-altitude site, National-climate observatory-Pyramid (NCO-P, ~5079 m amsl),

located in the Himalaya. Over the coastal and oceanic regions, sea-salt aerosols
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contribute significantly to the aerosol mass [Kumar et al., 2008]. The heavy metals
(Pb, Cd, Zn, Ni etc) are relatively abundant when the sampling sites are located closer

to industrial areas. Fig. 1.1 illustrates the principal components of the atmospheric

aerosols.
Components of Aerosols
Mineral Carbonaceous Sea salts: SIA* (NOg, Volcanic
Dust Aerosols Na*,CI,SO/”  s0,%, NH,") aerosols:
SO, Dust
Primary organic aerosols Secondary organic aerosols
(POA) (SOA)
l l Secondary Organic
Carbon (SOC)
Organic Carbon  Elemental/Black carbon
(OC) (EC or BC)

Fig. 1.1: Components of atmospheric aerosols (*SIA refers to secondary inorganic
aerosols).

Atmospheric aerosols undergo chemical and physical transformations during
transport and thus, they lose their original identity and rarely exist as a single
component in the atmosphere. Instead, they are composed of a mixture of species
derived from a number of sources and their optical properties are governed by the
mixing state. The mixing state of an aerosol is defined as how various components
are distributed among each other in a given aerosol population. In general, two types
of the mixing states have been suggested: external mixing (particles have retained
their original identity and can be treated as an individual species) and internal mixing
(all the particles of the same size in a given aerosol population has uniform
composition and do not behave as an individual species). Thus, the extent of mixing
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can be defined as ‘to what extent an aerosol has retained its original composition’.
The external mixing can be considered as a hypothetical case and may be true for
freshly emitted aerosols which have not undergone any chemical and physical
transformations. Through the chemical transformations and the aging, aerosols tend
to become more of internally mixed nature [Cozic et al., 2008]. The internal mixing
increases the absorption signal for the given amount of BC as high as 50% [Bond et
al., 2006] and thus, the mixing state can significantly affect the estimation of
radiation budget [Jacobson, 2001; Satheesh and Ramanathan, 2000].

14 Importance of atmospheric aerosols

1.4.1 Impact on heterogeneous—phase chemistry

The knowledge of the chemical composition, size-distribution and optical
properties of atmospheric aerosols is essential to estimate the radiative and climatic
effects [Maenhaut, 2008]. Since many of the atmospheric chemical reactions can
modify the size-distribution, chemical composition and optical properties of aerosols,
there is an increasing interest to understand the atmospheric chemistry on a regional
to global scale. Several heterogeneous reactions act as a sink and/or source for
reactive gaseous species (e.g. NOy, Oz and SO; etc) in the troposphere. In this regard,
carbonaceous aerosols provide an active surface for heterogeneous reactions
involving reactive species such as HNO,, Oz, NOy and OH radicals [Ammann et al.,
1998; Lary et al., 1997; Lary et al., 1999]. For example, Ammann et al. [1998] have
reported that heterogeneous production of HNO; from NO; on suspended soot
particles can be ~10° to 10’ times faster in polluted environments. The photolysis of
HNO, directly produces hydroxyl (OH) radicals which can modify the day-time
photochemistry. Furthermore, the reactions of HNO, on soot particles lead to the
production of tropospheric O3 [Lary et al., 1997].

Several studies suggest uptake of the acidic species (SO,, HNO3, H,SO, etc)
on mineral surfaces. For example, Rastogi and Sarin [2006] have provided a direct
evidence for the neutralization of acidic species by mineral dust from an urban site

(Ahmedabad) located in a semi-arid region of western India. Song et al. [2007] have
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investigated the reaction probability of sulfate and nitrate precursors and their
chemical evolution onto dust particles in East-Asia. Geng et al. [2009] have found
gypsum (CaSQ,) particles in Asian dust samples collected over the marine boundary
layer (MBL) of the Bohai Sea and the Yellow Sea. They suggested that either these
particles were of the soil-origin or heterogeneous reaction products of CaCO3; with
airborne sulphuric acid and/or gaseous SO,. Furthermore, they also observed (C, N,
O) rich-droplets and nitrate-containing secondary particles and suggested that Asian
dust are an important carrier of gaseous nitrogen species, especially NOx and/or
HNOs. The chemical processing of mineral aerosols enhances the solubility of
mineral dust and can change the mixing state of aerosols (from external to internal)
which further can lead to an increase in the absorption characteristics and CCN
activities [Geng et al., 2009; Manktelow et al., 2010].

1.4.2 Effect of aerosols on air-quality, visibility and hydrological cycle

Atmospheric aerosols, derived from natural and anthropogenic emission
sources, significantly affect the air quality, visibility, atmospheric chemistry and
Earth’s radiation budget [IPCC, 2007]. The formation of secondary aerosols, in
conjunction with the airborne particles of primary origin, has been recently
recognized as a dominant process contributing to air pollution over urban areas and
mega-cities [Dall’Osto et al., 2009; Guo et al., 2010; Lee and Sequeira, 2002; Zhang
et al., 2010]. Furthermore, the hygroscopic growth of secondary aerosols enhances
the scattering property and decreases the visibility [Malm et al., 1996]. The visibility
is directly linked to aerosol extinction coefficient (bey), defined as the sum of
scattering and absorption coefficients (i.e. Dext = bscat + Daps), and is related to the
abundances of anthropogenic ionic species [Cheung et al., 2005; Malm et al., 1996].
An extensive fog-haze weather formation during wintertime (Dec-Feb) over entire
Indo-Gangetic Plain (IGP) in northern India is an ideal example of the reduction in
the visibility due to the presence of high level of pollutants [Ali et al., 2004;
Badarinath et al., 2007; Gautam et al., 2007; Nair et al., 2007; Ramanathan and
Ramana, 2005; Tare et al., 2006].
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Secondary organic aerosols (SOAs) mainly exist in submicron size and are
hygroscopic in nature. These two characteristics of SOAs make them an important
component for the cloud activation processes, hydrological cycle and indirect effect
of aerosols by acting as cloud-condensation nuclei (CCN) [Haywood and Boucher,
2000; Sun and Ariya, 2006]. Optical properties of clouds are controlled by the
availability and hygroscopicity of atmospheric particles which can serve as cloud
condensation nuclei [Ramanathan et al., 2001; Schwartz et al., 2002]. The fine-mode
aerosols, derived from anthropogenic emissions, can lead to an increase in the CCN
number concentration [Andreae and Crutzen, 1997]. The increase in the CCN number
concentration leads to reduction in the cloud-droplet size and precipitation [Rissman
et al., 2004]. On the other hand, this also increases the reflectivity of the solar
radiation resulting in a higher cloud-albedo (known as the first indirect climatic effect
of aerosols). Thus, it is very important to know the composition of CCN population
and hygroscopicity of aerosols to understand the cloud-droplet formation and
precipitation processes [Haywood and Boucher, 2000; Rosenfeld et al., 2007; Wang
et al., 2009].

1.4.3 Atmospheric aerosols as a source of nutrients to the Ocean and effect on
human health

Atmospheric aerosols contain key elements such as iron (Fe), phosphorous
(P), nitrogen (N) and Silica (Si) and serve as an important source of nutrients to the
ocean [Jickells et al., 2005]. The long-range transport of mineral aerosols and
chemical transformation processes can further enhance the solubility and their
deposition can modify the productivity, ocean-biogeochemistry and ocean-cycle
[Mahowald et al., 2005; Mahowald et al., 2009]. The semi-arid regions of Thar
Desert (in western India) and deserts in the Middle East can be the dominant source
of mineral dust. Furthermore, Kumar et al. [2010] have recently highlighted that Fe
derived from combustion sources (biomass burning and fossil-fuel) is an additional
source of soluble-iron (Fe*") and could be a source of Fe?* deposition to the two

adjacent oceans (the Bay of Bengal and the Arabian Sea).
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Atmospheric aerosols are very small in size and hence, they can easily enter
into human lungs, especially fine-aerosols. It has been observed that fine-particulate
matter are directly correlated with severe health effects such as cardiovascular,
respiratory (e.g. Asthma), and allergic diseases [Nel, 2005]. In urban areas, traffic-
related air pollution of fine-aerosols and gaseous species (nitrogen oxides, carbon
monoxide and ozone) is one of the prime suspects of allergic and respiratory diseases.
The incomplete combustion of diesel and petroleum compounds produces soot
particles and unburnt hydrocarbons. Some of the unburnt hydrocarbons contain
volatile, semi-volatile organic compounds (VOCs and SVOCs, respectively) and
poly-aromatic hydrocarbons (PAHS) which are carcinogenic and mutagenic in nature
[Lighty et al., 2000; Mauderly and Chow, 2008]. Furthermore, atmospheric chemical
reactions of PAHs with NOy, OH radical and O3 can produce hazardous nitrated- and
oxygenated-PAH derivatives [Albinet et al., 2008].

1.5  Arreview of studies from Indo-Gangetic Plain (IGP)

A large number of studies, based on the satellite and ground-based
measurements of physical and optical properties of aerosols, have been performed
over the IGP in order to assess their radiative impact [Dey and Tripathi, 2008;
Ganguly et al., 2009; Ganguly et al., 2006; Nair et al., 2007; Singh et al., 2004; Singh
et al., 2005]. These studies have reported large heterogeneity and spatiotemporal
variability in the optical properties of aerosols and attributed tem to local emission
sources, meteorological conditions and transport of aerosols. The naturally derived
aerosols (mainly mineral dust) originating from Pakistan, Afghanistan and the Thar
Desert (in western India), contribute significantly to the aerosol loading and aerosol
optical depth (AOD) during summer months (April-June). For example, Jethva et al.
[2005] have reported that AOD values ranged from 0.6-1.2 (at 550 nm) during
summer with relatively low fine-mode aerosol fraction (FMAF) values (<0.4)
suggesting the dominance of coarse-mode particles over the IGP.

It has been speculated that anthropogenically derived aerosols (carbonaceous

and inorganic aerosols) contribute significantly to the aerosol mass loading over
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northern India during the wintertime (Dec-Feb). For example, Tare et al. [2006] have
suggested that fine-mode aerosols contributed as much as 83% of the total aerosol
mass at Kanpur during Dec 2004. However, there are no measurements of
carbonaceous species reported in the IGP, except those of black carbon (BC) using an
Aethalometer. Tripathi et al. [2005a] have reported that BC mass concentration at
Kanpur varied from 6 to 20 pgC m™ during the field campaign (Dec 2004) and
resulted in a low value of 0.76 for single scattering albedo (SSA). During the same
field campaign, Ganguly et al. [2006] have reported that BC mass concentration was

as high as 60 ngC m™ at Delhi (an urban location) with an average value of 29 + 14

ngC m resulting in further low value of 0.68 for SSA.

The INDOEX (Indian Ocean Experiment) study has reported the presence of
high level of pollutants over the Indian Ocean, enriched in BC (mixed with sulfate
and organics) and transport of aerosols from south and South-east Asia during the
wintertime (Jan-March 1999) [Lelieveld et al., 2001]. More recently, Ramanathan et
al. [2007] have observed a vertically extended atmospheric brown clouds (ABC),
between 0.5 to 3 km, over the Indian Ocean. Using a general circulation model, it is
suggested that warming trends in the lower atmosphere, due to the ABC, could be

equivalent to the recent increase in the greenhouse gases.

1.6 Rationale and objective of the present study

Carbonaceous aerosols, consisting of organic carbon (OC) and elemental
carbon (EC), are the major components of atmospheric particulate matter (PM) and
constitute ~30 — 70 % of the fine-aerosol mass over an urban atmosphere [Cao et al.,
2003; Fuzzi et al., 2006; Hoyle et al., 2007; Kanakidou et al., 2005; Rengarajan et
al., 2007]. Although EC is a minor component of atmospheric aerosols (2-10% of
PM), it is a major particulate absorbing species of solar radiation [Jacobson, 2001;
Ramanathan and Carmichael, 2008]. Furthermore, the relative amount of OC and EC
in the atmosphere and OC/EC ratios are important parameters for the assessment of
direct/indirect impacts of aerosols on the regional scale radiative forcing [Novakov et
al., 2005].
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The OC/EC ratios currently used in the radiative transfer models are largely
derived based on the emission inventories of organic aerosols. However, these ratios
depend on the fuel type, quantity and more importantly on their combustion
efficiency [Bond et al., 2007; Streets et al., 2004]. These parameters are highly
variable depending on the geographical location. The real-time and long-term
measurements on carbonaceous aerosols from south-Asia, particularly over Indian
regions, are rather sparse, limited to only a few months of data and are inadequately
represented in the literature [Chowdhury et al., 2007; Miyazaki et al., 2009; Ram and
Sarin, 2010; Rengarajan et al., 2007; Sheesley et al., 2003]. Thus, there is a need for
a systematic and long-term measurement of carbonaceous aerosols from the south-
Asian region. Recently, Ganguly et al. [2009] have argued in favour of ground-based
and long-term measurements of carbonaceous aerosols for their better
parameterization and validation of optical properties retrieved from the satellite data.

A significant fraction of OC can also be derived from secondary organic
aerosol (SOA) formation in the atmosphere and is referred to as secondary organic
carbon (SOC). Most of the SOCs are soluble in water [Kondo et al., 2007; Weber et
al., 2007], can act as cloud condensation nuclei (CCN) [Novakov and Penner, 1993;
Sun and Ariya, 2006] and, thus, have an indirect climatic effect through the changes
in the cloud-albedo [Haywood and Boucher, 2000]. In this regard, the measurements
of water-soluble organic carbon (WSOC) and organic acids (carboxylic acids) content
in atmospheric aerosols are rather essential.

The real-time measurements of black carbon (BC) via optical methods (using
an Aethalometer) have been extensively performed over Indian regions in order to
establish the spatio-temporal variability [Babu and Moorthy, 2002; Babu et al., 2002;
Badarinath et al., 2007; Ganguly et al., 2006; Latha and Badarinath, 2003;
Ramachandran and Rajesh, 2007; Tripathi et al., 2005a; Tripathi et al., 2005b;
Venkataraman et al., 2005]. The optical methods rely on measuring the change in
attenuation of light (AATN) at a given wavelength through the filter embedded with
aerosols and use of a constant factor (referred as attenuation cross-section, carn) to

infer the BC mass concentration. These online methods are based on the basic
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assumption that absorption is solely due to BC and carn remains constant during the
course of measurements [Bond and Bergstrom, 2006; Snyder and Schauer, 2007];
however, none of these assumptions are strictly valid. The absorption at a given
wavelength may be sensitive to aerosol species other than BC mass [Bond and
Bergstrom, 2006; Snyder and Schauer, 2007]. A number of studies reported in the
literature invoke that oty IS variable on a spatial scale, even shows diurnal variation
[Snyder and Schauer, 2007] and changes from sample to sample [Liousse et al.,
1993]. More importantly, the data on catn reported in the literature are based on
absorption measurements via optical method and EC from a thermal method [Allen et
al., 1999; Bond and Bergstrom, 2006; Liousse et al., 1993; Snyder and Schauer,
2007]. The variability in catn has been interpreted in terms of emission sources,
mixing state of aerosols, their chemical-composition and use of more than one
protocol for the determination of EC by thermal method.

Carbonaceous aerosols over south-Asian region, originating from a variety of
anthropogenic emission sources (vehicular exhaust, biomass burning and fossil-fuel
emissions) [Gustafsson et al., 2009; Rengarajan et al., 2007; Venkataraman et al.,
2005], are gaining considerable importance because of their potential impact on
regional climate [Menon et al.,, 2002; Ramanathan and Carmichael, 2008;
Ramanathan et al., 2007]. The climate-relevant optical parameters such as BC mass
fraction, absorption and scattering coefficients (bas and bsci, respectively) and
attenuation cross-section (catn), depends on the source, analytical measurements and
have different chemical and optical properties [Bond and Bergstrom, 2006; Martins et
al., 1998; Schwarz et al., 2008]. The assessment of radiative forcing is associated
with the largest uncertainty arising due to the lack of reliable measurements of these
optical parameters on a regional scale [Schmid et al., 2006]. Thus, a systematic study
on the measurement of optical properties of atmospheric aerosols from Indian regions
Is essential for the estimation of their radiative and climatic impact on a regional
scale.

With this rationale, this thesis work aims to study the chemical composition

and optical properties of ambient aerosols over Indian regions, with an emphasis on
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carbonaceous aerosols. Bulk-aerosols, PM,s and PMj, (particulate matter with
aerodynamic diameter <2.5 and 10 um, respectively) have been collected from an
urban (Kanpur) and two high-altitude sites (Manora Peak and Mt Abu). The aerosol
sampling was carried out during Jan 2007-March 2008 (PM1, samples) and Oct 2008-
April 2009 (PM,5 and PMyg) at Kanpur. The bulk-aerosol sampling at Manora Peak
was conducted during Feb 2005-July 2008 (~42 months) and that from Mt Abu was
performed during May 2005-Feb 2006.

The Indo-Gangetic Plain (IGP), extending from (21.75 °N, 74.25 °E) to (31.0
°N, 91.5 °E), is one of the most populated and polluted regions in northern India. The
entire Gangetic Plain experiences extreme variability in the climate over the annual
seasonal cycle with dense fog and haze weather conditions during wintertime [Das et
al., 2008; Gautam et al., 2007; Ramachandran et al., 2006, Ramanathan and
Ramana, 2005]. During the wintertime (Dec-Feb), a shallow boundary layer height,
typically 500-800m [Nair et al., 2007], leads to an efficient trapping of aerosols.
Furthermore, the Himalayan mountains act as a demarcation line for the dispersion
and movement toward the north direction and thus, direct the downwind flow of
aerosol plumes to the Bay of Bengal (BOB). The sampling site at Kanpur (26.5 °N,
80.3 °E, 142 m amsl) represents an urban environment and is located at the centre of
the IGP. The sampling site is affected by local emissions (biomass burning, vehicular
exhaust and fossil-fuel combustion) and transport of aerosols from the urban areas
located upwind in the north-western parts of the IGP. Thus, ambient aerosol sampling
at Kanpur provides an ideal opportunity to understand the chemical characteristics
and optical properties of aerosols associated with the changes in the emission sources
and their emission strength, boundary layer dynamics and secondary aerosol
formation.

The high-altitude site (Manora Peak; 29.4 °N, 79.5 °E, ~2000 m above mean
sea level, amsl), located at the foot-hills of the Shivalik range of mountains in the
central Himalaya, represents a relatively cleaner site and is less influenced by
anthropogenic emissions. The major sources of carbonaceous aerosols include

biomass burning emission (used for cooking and residential heating purposes) and the
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advective transport of polluted air-masses from the Indo-Gangetic Plain. In addition,
Manora Peak and Mt Abu are influenced by the atmospheric transport of mineral
aerosols from the Thar Desert (in western India) during summer months (April-June).
Thus, both the sampling sites provide ideal locations to study the chemical
characteristics and optical properties of aerosols under the influence of long-range
atmospheric transport of mineral aerosols. Furthermore, the aerosol sampling from
high-altitude  sites is advantageous in order to understand the
evolution/transformation and changes in the mixing state of aerosols through
heterogeneous reactions occurring on mineral surfaces during their transport

processes.

OBJECTIVES

1. To characterize primary and secondary carbonaceous species, their sources
and spatial variability over urban and high-altitude sites in northern India.

2. To assess the impact of anthropogenically derived ionic species on the
chemical composition of urban aerosols over the Indo-Gangetic Plain.

3. To study spatio-temporal variability in the absorption properties of

carbonaceous aerosols.

1.7 THESIS OUTLINE

+« Chapter 1 provides an introduction to atmospheric aerosols, chemical and optical
properties and their important role in the Earth’s radiation budget and hydrological
cycle. A review of previous research work done over the Indo-Gangetic Plain is
presented in chapter-1. The rationale and objective of the thesis study is also

defined in this chapter.

s Chapter 2 describes the sampling sites, aerosol sampling and analytical procedures
adopted for the chemical and optical measurements used in the study.
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Chapter 3 reports on the spatial and temporal variabilities in the aerosol mass and
aerosol optical depth (AOD) over urban and high-altitude sites in India. The
chemical characterization and sources of aerosols are discussed with the help of
mass concentrations of selected chemical tracers (Ca®*, K*, K*/OC and OC/EC

ratios) and air mass back trajectory analyses.

Chapter 4: The analytical data, results and discussion on sources of aerosols,
spatio-temporal variability of carbonaceous species (EC, OC and WSOC), at an
urban location (Kanpur) are presented in this chapter. A comparison of the data
from other urban and rural sampling locations in the Indo-Gangetic Plain is also

presented in this chapter.

Chapter 5: The analytical data, results and discussion on carbonaceous species and
their ratios from the two-high-altitude sites (Manora Peak and Mt Abu) are

presented in this chapter.

Chapter 6: This chapter describes results and discussion on aerosol absorption

properties, their spatial and temporal variability over Indian regions.

Chapter 7: This chapter summarizes important findings of present thesis study and
their implications in assessing the radiative and climatic impacts of atmospheric
aerosols on a regional scale. A discussion on the scope of future research is

provided in chapter 7.
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MATERIAL AND METHODS

2.1  Site-description and ambient aerosol sampling

The aerosol sampling sites, in northern and western India, are shown in
Fig. 2.1 and their characteristics and geographical locations are summarized in
Table 2.1. The time-period of the aerosol sampling, frequency and number of

samples collected are also listed in Table 2.1.
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Fig. 2.1: A map of the sampling locations (shown by filled-circles) in the Indo-
Gangetic Plain (IGP): Kanpur (KNP, urban) and Manora Peak (MNP, high-
altitude). The location of Thar Desert and sampling site, (Mt Abu, high-altitude),
in western-India is also shown.
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Table 2.1: List of the sampling sites, types and their geographical location, time-
period and frequency of sample collection. ‘n’ represents number of aerosol samples
collected from different sampling locations.

Sampling Type Lon Lat Elevation Time-period Sampling n  Aerosol
site °N °E mamsl* frequency type
Kanpur Jan 2007-Feb every fifth-day 66  PM,
2008
Kanpur urban 265 803 142 19'230%§)°t Daily (day-night) 34 PM,s/PM
Nov 2008-
Kanpur April 2009 every fifth-day 56 PM,s/PM;q
Manora  high- Feb 2005-July two
Peak  altitude 294 793 1930 2008 samples/month 86 Bulk
high- May 2005-Feb
Mt Abu altitude 246 727 1700 2006 every-week 41 Bulk

amsl”: above mean sea level

2.2  Site description
2.2.1 Kanpur: an urban site in the Indo-Gangetic Plain (IGP)

The sampling site at Kanpur (26.5 °N, 80.3 °E, 142 m above mean sea
level) is located in central part of the Indo-Gangetic Plain (IGP) and represents a
typical urban environment. The sampling site is influenced by emissions from
biomass burning (agriculture waste and wood-fuel), vehicular exhausts and
industrial activities. The impact of biomass burning on the regional air quality is
more pronounced during the wintertime (Dec-Feb) due to crop harvesting season
and the common practice of wood-fuel burning for domestic use. The strength of
biomass burning sources considerably decreases during summer (April-June)
relative to the emissions from vehicular exhausts and coal-fired industries,
representing the major sources of carbonaceous species. In addition to the regional
emissions, sampling site is located downwind of the major polluting sources in
northern India. The lower boundary layer height during winter (Dec-Feb) and
Himalayan mountain range confines the aerosols within lower atmosphere. The
relative humidity (RH) remains high (>80 %) during wintertime, and as a result

complex foggy-hazy weather conditions prevail over the entire IGP.
2.2.2 Manora Peak and Mt Abu: high-altitude sites

Manora Peak (29.4°N, 79.5°E) is located at an altitude of ~2000 m amsl in
the Shivalik range of mountains along the central Himalaya (Fig. 2.1). The
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sampling site at Mt Abu (24.6 °N, 72.7 °E, 1680 m amsl) lies in a semi-arid region
of western India (annual rainfall ~ 600-700 mm occurring only during the south-
west monsoon; July-Sep) and is located on the highest peak in the southern end of
Aravali mountain range. The sampling sites are relatively free from anthropogenic
activities within the immediate vicinity. The major source of carbonaceous
aerosols includes biomass burning emission used for cooking and heating
purposes and transport of polluted air-masses from the Indo-Gangetic Plain (IGP)
during wintertime (Dec-Feb) [Dumka et al., 2006]. During summer (April-June),
long-range transport of mineral aerosol dominate the atmospheric loading with a
relative decrease in the abundances of carbonaceous species due to reduced
biomass burning emission strength [Ram et al., 2008]. The two types of aerosols
and their emission strengths impart a strong seasonal and inter-annual variability
in the chemical and optical properties of ambient aerosol at Manora Peak and Mt

Abu.

2.3  Ambient aerosol sampling

All the ambient-aerosol samples (bulk, PM,s and PM;y) were collected
onto pre-combusted (at 450 °C for ~6 hrs) tissuquartz filters (PALLFLEX™,
2500QAT-UP; size: 20.0 cm X 25.4 cm) (Table 2.1). The filters had a collection
efficiency of 99.9% for the particles up to size 0.3 um. All filters were wrapped in
Al-foils and sealed in a polyethylene zip-lock bags and stored at ~4 °C until the

analysis.

2.3.1 Sampling at Kanpur

PM;y samples (particulate matter with aerodynamic diameter <10 pm)
were collected, during Jan 2007-Feb 2008, from Kanpur using a high-volume
sampler (APM 450, Environtech Pvt. Ltd., New Delhi, India) operated at a flow
rate of 1.0 + 0.1 m® min™. Aerosol sampling was set-up on the third-floor of the
Environmental Engineering Laboratory (~15 m above ground level) of the Indian
Institute of Technology campus. The sampler was periodically calibrated to check
on the variations in the flow rate, if any. All samples (n=66) were collected during

daytime, integrated for ~8-10 hrs and the volume of air sampled ranged from
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~500-600 m’. The sampling frequency was one sample every fifth-day during Jan-
Feb and Oct-Dec 2007; the frequency was increased to two samples per week
during March-June 2007, when mineral dust is most abundant. July-Sep months
represent wet-season when south-west monsoon rain causes efficient washout of
the atmosphere and no aerosol samples were collected during July-Sep period.
Thus, out of these 66 samples, 22 samples were collected during wintertime (Dec-
Feb), 9 samples during March, 25 samples during summer (April-June) and 10
samples during post-monsoon (Oct-Nov).

Aerosol samples (PM; s and PM,; particulate matter less than 2.5 m and
10 um aerodynamic diameter respectively) were collected simultaneously by
operating two high-volume samplers (Thermo Andersen; USA). The sampler
inlets have an effective cutoff-size of 50% and were operated at a flow rate of 1.1
+ 0.1 m’ min". The flow rates were maintained by a volume-flow controller
(VFC) and samplers were calibrated periodically (once in a month). Ambient air
was filtered through pre-combusted tissuquartz filters and a total of 34 samples
were collected spread over a period of 12 days (19-30™ Oct 2008). Of these, 20
samples (10 pairs of PM,s and PM,() were collected during day-time (08:30 to
17:30 hrs, local time) and 14 (7 pairs of PM; s and PM) during night-time (18:30
to 07:30 hrs, local time). Furthermore, a total of 56 aerosol samples (28 pairs of
PM,s and PM;y) were collected during Nov 2008-April 2009. The sampling
frequency was one sample every fifth-day for the entire sampling period. In
addition, a number of samples collected during the land-campaign (Dec 2004)
from Hisar (urban), Allahabad (urban) and Jaduguda (rural), in the Indo-Gangetic
Plain (IGP) of northern India, have been used for the inter-comparison of

measured chemical species and optical parameters.

2.3.2 Sampling at Manora Peak and Mt Abu

Bulk-aerosol samples were collected using a high-volume sampler (model
APM 230, Environtech Pvt. Ltd., New Delhi, India) operated at a flow rate of 1.0
+ 0.1 m’ min™' for about 24 hrs in order to filter nearly 1500 m’ of air. The aerosol
sampling, at Manora Peak, was started from Feb 2005 and was continued till July

2008. Overall, the sampling frequency was maintained at one sample every two
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weeks, except when the sampling frequency was increased to one sample per
week (during Dec 2007-March 2008). A total of 86 aerosol samples were
collected during the sampling period spanned over 42 months (Table 2.1). Of
these, 38 samples were collected during wintertime (Dec-March), 20 samples
during summer (April-June), 17 samples during monsoon (July-Sep) and 11
samples during post-monsoon (Oct-Nov). A total of 41 bulk-aerosol samples were
collected from another high-altitude site, Mt Abu, in western India during May
2005-Feb 2005.

2.4 Analytical methods

Ambient aerosols were analyzed for the particulate matter (PM) mass, the
concentrations of elemental carbon (EC), organic carbon (OC), water-soluble OC
(WSOC), water-soluble inorganic constituents (cations: Na', K, NH,", Ca’" and
Mg®" and anions: CI,, SO4* and NO3"). The measurements of optical parameters
include aerosol absorption coefficient (ba,s) and mass absorption efficiency of EC
(oabs).- The measurements of the chemical species and optical properties in the

aerosol samples are shown in a schematic flow-chart given below (Fig. 2.2).

Approach and analytical methods

Aerosol samples (Kanpur and Manora Peak)

High-volume sampler
Flow rate = 1.0-1.1 m*® min™
Tissuquartz filters (size: 20 X 25 cm?)
Aerosol mass: Gravimetrically

A 4

EC-OC analyses and Water extract of ¥ filters:

absorption measurements: WSOC: 7OC Analyzer;

Thermo-optical carbon analyser Na*, NH,*, K*, M92+ and Ca%*
CI, NO;” and SO,*": Jon
Chromatography

Carbonaceous species &
absorption properties

Fig. 2.2: A schematic flow-chart diagram for measurements of chemical and
absorption properties of aerosols.
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2.4.1 Determination of particulate matter (PM) mass

Particulate matter (PM) mass was assessed gravimetrically by weighing
the filters before (blank filter weight, wo) and after the sampling (total weight, wy)
on an analytical balance with a precision of 0.1 mg (Sartorius, model LA130S-F).
Prior to weighing, filters were equilibrated for ~12 hrs at 22 + 1°C and relative
humidity (RH) of 35 + 5%. The total suspended particulate (TSP) matter (ug m™)
was obtained by dividing the sample weight (w;— Wy, in unit of pug) by the volume
of air filtered (in unit of m™). The volume of air was determined by multiplying

the sampler’s flow rate (m® min™") with the total sampling time (min).

2.4.2 Analysis of OC and EC using a thermal-optical EC-OC analyzer
The thermo-optical EC-OC analyzer mainly consists of sample oven,
Manganese dioxide (MnO,) oxidizer and a methanator. The typical schematic

diagram of OC/EC analyzer is shown in Fig. 2.3.

methanator

He/CH, photodiode
- ¥ _thermocouple

sample ovemn ; oxidizer

]nsr.-r.

He/ O,

Schematic of Thermal-Optical Instrument

Fig. 2.3: The schematic diagram of the thermo-optical EC-OC analyzer (adopted
from Sunset Laboratory manual).
The measurements of organic carbon (OC) and elemental carbon (EC) by a
thermal-optical carbon-aerosol analyzer can be divided into three main parts:
I. Thermal evaluation and quantification of evolved carbon fractions
1. Determination of the split-point between OC and EC and correction

for pyrolyzed carbon (PC), and
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I1l. Correction for carbonate carbon (CC)

A rectangular aliquots of filters (area = 1.5 cm?) is kept in the sample oven
and concentrations of organic carbon (OC) and elemental carbon (EC), deposited
on the filter, is analyzed by a thermal-optical carbon-aerosol analyzer (Sunset
Laboratory, Forest Grove, OR) using NIOSH-5040 (National Institute of
Occupational Safety and Health) method based on thermal-optical transmittance
(TOT) protocol [Birch, 1998; Birch and Cary, 1996]. The analytical procedure for
OC-EC consists of two-stage thermal analyses. In the first stage, OC is volatilized
from the aerosol sample in an inert atmosphere (100% He) through a step-wise
heating (room temperature to 310 °C for 80 s, 310 °C to 475 °C for 60 s, 475 °C
to 615 °C for 60 s, 615 °C to 870 °C for 60 s; Table 2.2). All the thermally
desorbing organic compounds and pyrolysis products, present in aerosol samples,
are then purged into a manganese dioxide (MnO;) oxidizing oven. The oxidizing
oven temperature is maintained at 860 °C and the carbon fragments flowing
through MnO, oven are quantitatively converted to CO, gas. The thermograph
provides four OC fractions (OC;, OC,, OC;, OC4) during the first heating cycle
(Table 2.2).

Table 2.2: The carbon fraction evolved during different temperature cycles and
purging gas conditions for the analysis of OC and EC using thermal/optical EC-OC
analyzer.

Carbon fraction  Purging gas Initial Temp. Final Temp. Ramp Time
() () (s)
100% He 10
0oC1 100% He 35 310 80
0cC2 100% He 310 475 60
0cC3 100% He 475 615 60
OC4 100% He 615 870 90
Cooling oven 100% He 870 550 40
PC 90% He +10% O, 550 625 55
EC1 90% He +10% O, 625 700 45
EC2 90% He +10% O, 700 775 45
EC3 90% He +10% O, 775 850 45
EC4 90% He +10% O, 850 850 45
EC5 90% He +10% O, 850 870 45
EC6 90% He +10% O, 870 870 45
Calibration 100% He 110

-21 -



Chapter-2

In the second stage, the oven is cooled to below 550 °C for 60 s, a mixture
of oxygen and helium gas (10% O, + 90% He, vol/vol) is then introduced and
oven temperature is increased step-wise to 900 °C (550 °C, 625 °C, 700 °C, 775
°C, 850 °C maintained for 45 s, and 900 °C for 120 s). The EC fractions are
detected in the same manner as OC fractions. The second heating cycle produces
pyrolyzed organic carbon (POC) and six EC fractions (EC;, EC,, ECs, EC4, ECs
and EC¢; Table 2.2). The evolved CO; is swept out of the MnO;, oven in the
helium stream, mixed with hydrogen gas and passed through a heated nickel
catalyst where it is quantitatively reduced to methane (CH4) and subsequently
measured by a flame ionization detector (FID). At the end of every analysis, a
fixed volume of methane (5% methane in Helium as an internal standard) is
injected to monitor the efficiency of FID whereas solutions of sucrose and
potassium hydrogen phthalate (KHP) are used as external standards to ascertain

the conversion efficiency of CO; to CHy in the thermo-optical method.

=% MtA-25 1/27/2006 2:27:51 PM

Sample ID:MtA-25 15272006 2:27-51 PM

- BazeWalatile area= 307023,

Fyrolized areas= 1264800
Orgamic C = I3.527 + 138 ugisg cm Eaze EC area= 2241030

Carbomate C= .00 +- uglzg em

Elemental C = 1216 +-0.81 ugsg con Calibratiom areaz  33EE22.0
Total C = 3568 +-2.08 ugisqcm FIDZ Calibration area= 347400
Manual peak: start= 1]
Integrate | end= 704 Harually Integrated Area =
FIDz Terrperature Laszer Abzorbanice 0-6

<oooooooooo OC + CC .........»4.....Ecoooo*
eeeceel000h Heooooooodplqeeceee2040,+98%He oolopseepl

L~

plit-point

Initiaj

i
—~|

<

f
OC/EC Analysis Program [c] Sunset Laboratory. Tnc.

LOL laser akfset = Fressure EC/TC ratio 0.341

Fig. 2.4: A real-time thermograph of a sample (Mt Abu-25) analyzed on the
thermo-optical EC-OC analyzer. The initial transmittance (@678nm) and split-
point between OC and EC are also shown.
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The thermo-optical method uses the light absorbing characteristics of EC
to correct for the pyrolytically formed carbon fraction. The transmittance through
the filter samples is continuously monitored with a He-Ne laser of 678 nm
wavelength. The initial transmittance of the laser beam is recorded and is
attributed to the presence of EC in aerosol samples (Fig 2.4). However, during the
heating in inert medium, a part of OC get pyrolyzed (called as pyrolyzed carbon;
PC) which can absorb the laser light and reduces the transmittance through the
filter and attains the minimum value. When sample is exposed to the oxidizing
atmosphere (second thermal heating cycle), PC as well as native EC evolve and
the transmittance signal begins to increase during this step. When the
transmittance returns to its initial value during heating in an oxidizing medium, it
is referred as the split-point between OC and EC. Thus, PC is a part of OC which
does not evolve in first heating cycle under inert atmosphere. The carbon fractions
that evolve in volatilization step together with PC is defined as OC; and PC
subtracted from carbon fraction evolved in oxidizing atmosphere is termed as EC.
The OC is operationally defined as OC = OC; + OC;, + OC; + OC4 + PC) and EC
is defined as EC = EC; + EC, + EC; — PC. Thus, OC and EC components are
corrected for the charring of hydrocarbons produced in the first step.

Ambient aerosols contain inorganic carbonate carbon (CC) which mainly
occurs in the form of calcium carbonate (CaCOs) or other alkali carbonate.
Calcium carbonate has a peculiar chemical property and gets oxidized to calcium
oxide (CaO) and CO; at temperatures greater than 850 °C. Thus, the CO; of
CaCO3; may interfere with the OC4 peak in the thermograph. The presence of
CaCOs in the aerosol samples is ascertained by de-carbonizing the sample with
6M HCI fumes (for ~6 hrs) in a desiccator as described by Cachier et al. [1989].
The acidified sample is analyzed in the similar fashion as the unacidified sample.
If, the OC4 peak in the thermograph diminishes (completely or partly); it is
assumed that carbonate carbon (CC) is present in aerosol samples. The CC and
OC4 peak normally appear at a time interval of 210-220s and 270-285s in the
thermograph (at temperature in excess of 850 °C). The concentration of CC is
quantitatively estimated by manually integrating the thermogram (signal vs time)

by setting Start (~210-220s) and End integration point (~270-285 s). The CC
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concentration is automatically subtracted from the OC concentrations. The details
of the measurement protocol used such as temperature program, heating cycles are
described in our recent publications [Ram et al., 2008; Rengarajan et al., 2007].
The uncertainty in the measurement of OC (OCyyc), EC (ECyn) and TC
(TCyne) is calculated by summing up the absolute and relative uncertainties. The
0.2 pgC cm™ represent the absolute uncertainty in the measurements of OC, EC
whereas 0.3 pugC cm™ for TC. The relative uncertainty is taken as 5% of the

measured concentration (in unit of pgC cm™) of OC, EC and TC. Thus,

OCune= (0.2 +0.05 * OC) pgC cm™
ECunc = (0.2 + 0.05 * EC) pgC cm™
TCune = (0.3 + 0.05 * TC) pgC cm™

Simultaneously, blank filters were run in the same fashion to obtain the
blank concentration and detection limit of OC. The average blank concentration
was 1.2 + 0.4 ugC cm™ (Table 2.3) which corresponds to 0.8 pgC m™ of OC for
an average volume of ~600 m’ of air filtered. The detection limit for OC was
calculated as three times the standard deviation of blank measurements while
detection limit for EC was calculated by taking 0.2 ugC cm™ as a signal. The
corresponding detection limits for OC and EC were calculated to be 0.8 ugC m™
and 0.15 ugC m™ respectively, for an average volume of ~600 m® of air. Scatter
plots between the two set of measurements for OC, EC and TC of the same
aerosol samples are presented in Fig. 2.5.

It is observed that OC and TC show a very good agreement between the
two set of measurements and data points fall very close to 1:1 line. However,
significant difference is observed for EC measurements, mainly for concentrations

greater than 10.0 pgC cm™

. This mainly arises due to the problem in the
determination of split-point and corrections for pyrolyzed carbon. The replicate
analysis of samples provided a good analytical precision; with relative deviation

0f 3.0, 4.3, and 2.5% for OC, EC and TC respectively (Table 2.3).
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Fig. 2.5. Scatter plots for repeat measurements of OC, EC, TC (concentration
unit: £gC cm™) and WSOC (concentration unit: parts per million; ppm) in aerosol
samples. The solid line represents the 1:1 line and ‘n’ represents number of
repeat measurements.

Table 2.3: Average blank concentrations, detection limits (DL) and reproducibility

of measured chemical species for an effective filter area of ~417 cm? and volume of
air (~800 m?).

Species n Blank  Detection limit Reproducibility
pgC m* pgC m* (rpd®)
ocC 41 0.80 0.80 3.0
EC 41 0.00 0.15 4.3
TC 41 0.90 0.80 2.5
WSOC 22 0.10 0.05 3.0

*: relative percentage deviation

-25-



Chapter-2

2.4.3 Analysis of water-soluble organic carbon (WSOC)

For WSOC, one-fourth filter (~105 cm® area) was soaked in 50 ml de-
ionized water (resistivity: 18.2 M{) cm) and ultrasonicated for ~8 hrs. The
resulting water-extract was filtered through circular PALLFLEX™ membrane
filters (size: 47 mm), transferred to pre-cleaned glass vials and analyzed for
WSOC on a total organic carbon (TOC) analyzer (Shimadzu, model TOC-
5000A). For an optimized analytical procedure, 25 pl of water-extract was
injected into the furnace at a temperature of 680 °C and oxidized to CO; using
Platinum catalyst. The evolved CO, was measured using a non-dispersive infrared
(NDIR) detector to assess total carbon (TC) content. Another aliquot of the
solution (100 pl) was acidified with 25% phosphoric acid (25% H3PO., vol/vol)
and evolved CO; was measured using a NDIR detector and inferred as inorganic
carbon (IC). The difference between the two sets of measurements (i.e. TC and
IC) is used as a measure of WSOC in aerosol samples. The NDIR detector
response for TC and IC measurements was calibrated using standard solutions of
potassium hydrogen phthalate (KHP) and sodium carbonate-bicarbonate mixture
(NaCO3+NaHCOs3; 1:1 vol/vol), respectively. Each analysis of TC and IC was
performed three times to achieve the coefficient of variation (CV) less than 2%.
The replicate analyses of water-extracts provide good reproducibility for TC and
IC measurements (n=22; average relative standard deviation (r.s.d.) of 3% and 5%
for TC and IC respectively). Every batch of water-extraction (total of 10 samples)
consists of 9 aerosol samples and one blank filter. The extraction of blank filters
was processed simultaneously to obtain the WSOC content in blank filters
(WSOCpg). The average blank value obtained by water-extract of blank filters
were 1.1 = 0.8 ppm and 350 £+ 40 ppb (n=22; 1 o) for TC and IC, respectively.
The average TC and IC blank values correspond to ~3% and 1% of the WSOC
concentrations in aerosol samples and all the reported WSOC abundances are

corrected for the WSOCs.
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2.4.4 Analysis of water-soluble inorganic species (WSIS)

The analysis of water-soluble cations (Na”, K, NH,", Ca’" and Mg*") and
anions (CI, SO4* and NO5) in aerosols were preformed on Ion-Chromatograph
(Dionex). The clear solution of the water-extracts (the same used for the WSOC
analysis) were transferred to pre-cleaned vials and analyzed for their water-
soluble inorganic constituents. A mixture of 1.8 mM Na,COs; and 1.7 mM
NaHCO; was used as an eluent for the analysis of anions and an Anion Self-
Regenerating Suppressor (ASRS) was used to suppress the conductivity. For
analysis of cations, 20 mM methanesulphonic acid (MSA) was used as an eluent
and the conductivity was suppressed by Cation Self-Regenerating Suppressor
(CSRS). The anions and cations were separated using analytical columns, Ionpac
AS14 column for anion and Ionpac CS12 column for cations respectively, before
they were sent to the conductivity detector. Simultaneously processed blank filters
were also analyzed to obtain blank concentration of cations and anions. The
details of the analytical procedure for water-soluble inorganic constituents are
described in our earlier publications [Rastogi and Sarin, 2006; Rengarajan et al.,
2007]. The replicate analyses for K", Ca**, Mg*", CI', SO4* and NO;™ were better
than 3% while it was ~6% for NH," analysis (Table 2.4). Scatter plots for repeat
measurements of water-soluble inorganic species in aerosol samples are shown in

Fig. 2.6.

2.4.5 Analyses of bicarbonate (HCO3)

An aliquot of the water-extract of aerosol samples was taken and
bicarbonate (HCOs’) measurement was performed using a fixed end-point acid
titration (pH = 4.3) with 0.005 M HCI with the help of an autotitrator (Metrohm,
model 702 SM Titrino). The calibration was performed with freshly prepared
solutions of sodium carbonate (Na,COj3) covering the range of 0 to 1000 puM.
Detection limit, based on variability of several blank measurements, was 45 pM.
The coefficient of variation (CV) of several repeat measurements (n=11) was

estimated to be better than 4% (Table 2.4).
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Fig. 2.6. Scatter plots for repeat measurements of water-soluble inorganic species
in aerosol samples (concentration unit: parts per million; ppm). The solid line
represents the 1:1 line and ‘n’ represents number of repeat measurements.
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Table 2.4: Average blank concentrations, detection limit (DL) and reproducibility of
measured chemical species in tissuquartz filters. ‘n’ represents number of repeat
measurements for individual species.

Species n Blank DL Reproducibility
ugm® pgm® (rpd”)

Na* 12 0.03 0.02 3.0
NH,” 12 - 0.02 6.0
K* 12 0.03 0.02 2.0
Mg*? 12 0.01 0.02 2.0
ca? 12 0.01 0.03 2.0
cr 24 0.02 0.01 2.1
NOs 24  0.01 0.3 1.5
SO 24 0.05 0.3 1.1
HCO; 11 0.03 0.05 4.0

"relative percentage deviation

2.4.6 Determination of aerosol absorption coefficient (baps) and mass

absorption efficiency of EC (caps)
2.4.6 (a) The principle and equations used

The analytical instrument (EC-OC analyzer) provides absorbance
(equivalent to initial transmittance) at 678 nm by measuring intensities of incident
and transmitted light through the quartz filter loaded with aerosols. The absorption
signal is represented by optical-attenuation (ATN, a unit less parameter) and is
governed by the Beer-Lambert’s law, according to the following equation:

ATN=-10001n[ij (1)
0

where I is the intensity of incident light and I is the transmitted light through the
filter substrate and aerosols. The measured ATN signal for blank filters is zero
(n=50). Thus, the measured ATN through the sample filter is attributed to the
presence of light absorbing carbon (LAC) and is equivalent to in-situ EC
concentration in aerosols. Sciare et al. [2003] had reported that absorption
measurements performed on PSAP showed good agreement with those measured
from Sunset EC-OC analyser (R”=0.93). Hence, simultaneous measurements of

ATN and surface EC loading (EC,, pg cm™) can be used to determine the
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absorption coefficient (ba,s) and mass absorption efficiency of EC (oaps). The
uncertainty in the ATN measurement is no more than 7% (except in few cases
where it is as high as 13%) and is expressed as relative percentage deviation from
n=20 measurements. The relevant parameters used in this study, along with the
associated errors, have been summarized in Table 2.5.

The measurement of ATN and methodology used in this study are similar
to those employed in filter-based online optical instruments [Weingartner et al.,
2003; Yang et al., 2009]. In the latter approach, acrosols are generally collected
for a short time on a small filter area at low flow rates and ATN is obtained by
measuring the change in transmittance as a function of time. On the contrary,
collection of aerosol samples integrated over longer time on a large filter area (as
used in this study) minimizes the sample heterogeneity and enhances the ATN
signal. The attenuation cross-section (carn, m> g'l) can be directly obtained from
above equation (1) by correcting the measured ATN for shadowing effect
(R(ATN); as explained in later section) and dividing by EC; concentration:

e @
The attenuation coefficient (batn) is calculated from the measured ATN with the
help of following equation:
2

= ()
whereas absorption coefficient (b,ps) is related to batn according to equation (4) as
described in literature [Schmid et al., 2006; Weingartner et al., 2003; Yan et al.,
2008; Yang et al., 2009]

o __ AN A__ by
® " CeR(ATN) V CeR(ATN)

“4)

where, A is the effective filter area (417 x 10™ m? for tissuquartz filter used in this
study), V is the volume of air filtered (m®). C and R(ATN) are the two empirical
factors used for correcting the measured absorption due to the multiple scattering

and shadowing effects, respectively.

2.4.6 (b) Choices of the empirical parameters: C and f
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The value of C depends on the type of absorbing material, the filter
substrate and mixing state of BC in aerosols [Bond and Bergstrom, 2006;
Weingartner et al., 2003]. A value of 2.14 + 0.21 has been suggested for
correction due to the multiple scattering effect for uncoated and externally mixed
soot particles collected on tissuquartz filters (same as used in present study) [Bond
and Bergstrom, 2006; Weingartner et al., 2003]. However, much higher values
have been reported for internally mixed aerosol particles (e.g. 3.6 = 0.6 for soot
particles coated with organics) [Weingartner et al., 2003]. This introduces large
uncertainty in b,ps values when filter-based measurements are performed. A value
of 2.14 £ 0.21 for C has been used while R(ATN) is calculated using equation (5).

The multiple scattering effect is due to accumulation of particles and leads to
an enhancement in absorption while the shadowing effect decreases absorption by
reducing the optical path length. Weingartner et al. [2003] have provided a
wavelength dependent parameter f to estimate R(ATN) by fitting linear empirical
curve to the observed data set obtained by Aethalometer:

)

In ATN —In10
R(ATN):(%_I)( In50—In10 ]

where R(ATN) depends on parameter f and decreases with increasing value of f. It
is evident from above equation that for lower values of optical-attenuation (ATN
<10%), R(ATN) can be taken as unity. However, for ATN>10%, R(ATN) values
are always less than unity and decreases with increasing ATN. For ATN>10%, we
have used f=1.103 during wintertime (Dec-Mar) and f=1.114 for rest of the
seasons to calculate R(ATN) from equation (5) as per values reported at 660 nm
[Sandradewi et al., 2008a]. It is noteworthy that use of f value equal to 1.103 or
1.114 leads to maximum change of 2% in R(ATN). The calculated values of 0.85
+ 0.03 for R(ATN) at the sampling sites (Hisar, Allahabad and Jaduguda) are
similar (within errors) to that used by Chou et al. [2005] for an urban site in
Taipei (0.80) whereas R(ATN) is relatively high (0.92 + 0.04) for the high-altitude
sites. The propagated root-sum-square error (RSSE) for the determination of
aerosol absorption coefficient (byps) is ~23%, arising from measurements of ATN,

A,V and corrections due to the multiple scattering and shadowing effects.
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The attenuation cross-section (carn) and mass absorption efficiency (Gaps)
are the two frequently used terms for determination of BC mass concentration via
optical methods. Although, both parameters are expressed in same units (m’g™);
oarn accounts for the intrinsic absorption due to BC particles and an additional
increase in light absorption due to the multiple scattering effect (C) and is related

with o, by the following equation:

_Oamn (m’g™) _ babs(Mm_l)
o-abs - - 3 (6)
C EC(ugm™)
Assuming an uncertainty of ~23% in b,ys and 22% in EC measurements [Miyazaki
et al., 2008], the propagated RSSE in determination of o, is estimated to be of

the order of ~32% using our approach.

2.4.6 (c) Assessment of errors in the measured parameters on thermo-optical
EC-OC analyzer

The major uncertainties in the estimation of absorption coefficient (b,ps)
using filter based instrumental techniques mainly results from errors in the
measurements of ATN, corrections due to the multiple scattering effect (C) and
shadowing effect (R(ATN)) [Weingartner et al., 2003]. The uncertainty in the
determination of attenuation coefficient (batn) arises from uncertainty in the
measurement of ATN (Equation 1); whereas uncertainty in measurements of both
A and V are relatively insignificant (better than 1 and 2% respectively, Table 2.5).
The overall uncertainty in ATN measurements, arising due to aerosol collection,
sample heterogeneity, temperature program and horizontal configuration of
sample, is no more than 7% for most of the cases (except in few cases where it
can be as high as 13%).

Likewise, uncertainty in the estimation of absorption coefficient (bgps,
Equation 4) is relatively high and mainly arises due to uncertainties associated
with the corrections applied for the multiple scattering effect (C) and shadowing
effect (R(ATN)). The multiple scattering effect (C) is caused due to scattering of
same photon more than once within the filter matrix and value of C depends on
type of absorbing material (i.e. source of BC) and the filter substrate used for

aerosol collection. A value of 2.14 + 0.21 has been suggested for correction due to
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the multiple scattering effect for the uncoated soot particles (externally mixed)
collected on tissuquartz filters [Weingartner et al., 2003]. On the contrary,
relatively high values have been suggested for internally mixed aerosol particles
(e.g. 3.6 = 0.6 for soot particles coated with organics) [Weingartner et al., 2003].
We have taken 10% uncertainty (relative percentage standard deviation of 2.14 +
0.21) for the multiple scattering effect in the propagation of the error.

The shadowing effect, (R(ATN)), is also a major source of uncertainty in
the determination of b,ys and it is somewhat more complicated to estimate because
it not only depends on optical properties of filter substrate and collected material
but also depends on the amount of material deposited on to filter substrate. The
error in estimation of R(ATN) from equation (5) can arise from the two
independent variables, namely f and ATN. The error in estimation of R(ATN) can
also arise from the use of the reference ATN value of 50 in equation (5). A value
of 50 for reference ATN has been used in most of the optical methods for
correction due to the shadowing effect where ATN does not exceed 75. The
sensitivity analyses by changing the reference ATN from 50 to 100 (for four
different ATN values; 50, 75, 90 and 100) reveals a maximum change of 8-10% in
R(ATN) values.

For aged aerosols, the value of R(ATN) is unity [Weingartner et al.,
2003]. However, it decreases with increasing f values and keeping ATN constant.
There are two values of f (f=1.013 in winter and f=1.114 in summer) reported in
the literature at 660 nm (close to wavelength used by us i.e. 678 nm) [Sandradewi
et al., 2008a]. We have made sensitivity analyses by interchanging f values in
(Equation 5) and observed that this can result in a maximum error of 2% in the
estimation of R(ATN). However, determination of R(ATN) using equation (5)
critically depends on the choice of the parameter ‘f” and hence, the use of ‘f
needs to be examined in details otherwise this can lead to large errors (>2%).
Using a maximum value of 1.2 for f and varying ATN values from a minimum of
11 to 180% (the maximum ATN value used in present study for which Beer-
Lambert’s law is valid); R(ATN) values can vary from 0.99 to 0.701, respectively.
This indicates that by, values would be underestimated by ~30% at maximum

ATN value (i.e. 180), if not corrected for the shadowing effect. Furthermore,
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R(ATN) values are 0.808 and 0.895 respectively, for the average ATN value (i.e.
~64) obtained in this study and for f values of 1.2. and 1.1 (an average of 1.0 and
1.2), respectively. As stated earlier, the estimation of R(ATN) using equation (5)
depends on value of f used and measured ATN, which can vary sample to sample
and sampling locations. Taking an average ATN value of 64 and an average value
of 1.1 for f, R(ATN) is 0.895 while it is 0.837 for the maximum ATN value of
180. This indicates an underestimation of ~16% for b,,s measurements for an
average value of 1.1 for ‘f° and maximum ATN (i.e. 180) used in this study.
Hence, we have assigned an uncertainty of 19% (root-sum-square error; RSSE)
for the shadowing effect correction (after adding the error for the use of reference
ATN value of 50) in the error propagation of absorption coefficient (baps)
measurements. The maximum propagated error in b,,s measurements, arising from
corrections due to the multiple scattering (10%) and shadowing effects (19%), is
estimated to be of the order of 23% in present study.

Finally, errors in the estimation of mass absorption efficiency (Cabs) are
due to errors in b,y (23%) and EC concentration measurements (22%) [Miyazaki
et al., 2008]. Assuming above mentioned errors in b,,s and EC measurements, G,ps
values can have an RSSE of 32% in present study. The nomenclature of various
parameters using thermo-optical EC-OC analyzer and associated uncertainties are

given below in Table 2.5.

Table 2.5: Measured optical parameters and related uncertainties.

Parameter Symbol Unit Error (RSSE)
Area A m’ 1%
Volume of air sampled v m’ 2%
Optical-attenuation ATN unit less 7%
Surface EC concentration EC, pngC cm™ 7%

o . .

EC mass concentration EC ugCm? 22 A)aﬂ/g)(l)%zgkl et
Attenuation coefficient barn Mm’ 8%
Multiple scattering effect C unit less 10%
Shadowing effect R(ATN) unit less 19%
Absorption coefficient babs Mm’ 23%
Mass absorption efficiency Gabs m’g’ 32%

*
Root-sum-square error
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AEROSOL CHARACTERISTICS OVER URBAN
AND HIGH-ALTITUDE SITES

3.1 Introduction

The rapid urbanization, growth of industries and emissions from biomass
burning (wood-fuel and agricultural waste) and vehicular exhaust have lead to a
substantial increase in the atmospheric aerosol loading in south and south-east Asia
[Adhikary et al., 2007; Jethva et al., 2005; Rengarajan et al., 2007]. The high aerosol
loading, persistent throughout the year, can induce significant dimming of the solar
radiation at the surface and can counter the influence of warming caused by
greenhouse gases [Carmichael et al., 2009]. A few studies conducted over Indian
regions suggest that fine-mode (<1 um) aerosols contribute as much as 83% of the
total aerosol mass at Kanpur during wintertime (Dec 2004) [Tare et al., 2006]
whereas naturally derived aerosols (mainly mineral dust) contribute significantly to
the aerosol loading and aerosol optical depth (AOD) during summer months (April-
June) [Chinnam et al., 2006; Hegde et al., 2007; Jethva et al., 2005].

The formation of secondary aerosols, in conjunction with the airborne
particles of primary origin, has been recently recognized as a dominant process
contributing to air pollution over urban areas and mega-cities [Dall’Osto et al., 2009;
Guo et al., 2010; Lee and Sequeira, 2002; Zhang et al., 2010]. Secondary inorganic
aerosols (SO4%, NOs and NH,"), along with organic carbon (OC), scatter the solar
radiation and their hygroscopic growth enhances the scattering property of aerosols
[Malm et al., 1996]. For example, Lee and Sequeira [2002] have suggested that SO,*
aerosols are the prominent species in reducing the visibility over Hong Kong. On the
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contrary, black carbon (BC) is a major absorbing particulate species in the
atmosphere with a warming potential of ~55% in comparison to that of CO,
[Carmichael et al., 2009]. Although, BC is a minor component of atmospheric
aerosols and contributes only 5-10% of the total aerosol optical depth (AOD) [Pant et
al., 2006; Ramana et al., 2004]; it plays an important role in modulating Earth’s
radiation budget, regional climate and hydrological cycle [Jacobson, 2001; Lelieveld
et al., 2001; Menon et al., 2002; Ramanathan and Carmichael, 2008]. Thus, the
knowledge of chemical composition, size-distribution and optical properties of
aerosols (absorption and scattering coefficients, single scattering albedo and aerosol
optical depth) is crucial for the estimation of aerosol radiative forcing on a regional
scale.

In this chapter, temporal and spatial variability in the total aerosol mass and
AOD values, acquired through a long-term monitoring of ambient aerosols collected
from different environmental conditions representing urban (Kanpur: Jan 2007-March
2008) and high-altitude sites (Mt Abu: May 2005-Feb 2006 and Manora Peak: Feb
2005-July 2008) in India, are presented. The mass concentrations and ratios of
selected chemical tracers (K*, K’/OC and OC/EC ratios) has been used for the
characterization of carbonaceous aerosols. On the other hand, concentrations of
water-soluble Ca (Ca*"; a tracer of mineral aerosols) and back trajectory analyses has

been made to understand the long-range atmospheric transport of mineral aerosols.

3.2 Results and Discussion

3.2.1 Characterization of sources of aerosols using the tracer approach

It is well recognized that K is an ideal tracer for the source characterization of
carbonaceous aerosols from biomass burning emissions [Andreae, 1983; Andreae and
Merlet, 2001]. However, appropriate corrections for aerosol K* derived from sea-salt
and mineral dust are rather essential [Chester, 1990]. In the absence of biomass
burning source, one would expect the contribution from mineral dust to be more in
the summer (April-June) due to the long-range transport from arid regions. During

summer months, K* content in the majority of the samples is relatively low (0.33 to
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0.93 pg m™) compared to that during the winter and post-monsoon (~2.0 g m™). The
mineral dust content in the aerosols (inferred based on the measured concentration of
Ca®") during summer and winter seasons is significantly different; the relatively low
dust content during post-monsoon and winter would result in lower contribution to
aerosol K*. Based on the average Na* concentration of 0.42 + 0.32 pg m™ and
assuming K*/Na" molar ratio of 0.037 in sea-water [Chester, 1990], the contribution
of K* derived from sea-salt is insignificant (~0.01 pg m™®). Thus, K* from sea-salt
contributes no more than 3% and 1% of the total K™ during summer and winter
seasons, respectively. Furthermore, the mass concentration of OC exhibits a linear
correlation with K" for the samples collected during winter and post-monsoon
(R?=0.79 and 0.50, respectively; Fig. 3.1a); suggesting that K" and OC have been
derived from the same emission source (biomass burning). Furthermore, correlation
between K" and OC is poor for the samples collected during March and summer
months (Fig. 3.1b).

Dust storms are very common over the IGP during summer months (April-
June). The PM;, mass concentration can increase to as high as 1000 pg m™ during
dust storm events at Kanpur [Chinnam et al., 2006]. For a semi-arid urban location in
western India, Rastogi and Sarin [2006] have reported that mineral dust contributes
~70-80% of the total suspended particulate matter throughout the year. A significant
fraction of calcium (Ca) is soluble in water and measured Ca*" is generally used as an
indicator of mineral aerosol [Lin et al., 2007; Rastogi and Sarin, 2006]. The
measured Ca?* concentration shows a significant linear trend with PMyo mass for the
samples collected during spring and summer seasons (R?=0.67; Fig. 3.1c). However,
a large scatter is observed for the samples collected during winter and post-monsoon
months (Fig. 3.1d). The dominance of mineral aerosol is further affirmed by low total
carbonaceous aerosol (TCA)-to-Ca®* mass ratio in summer months (TCA/Ca®* = 15 +
8) while ratios are much higher during winter season (62 + 37).
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Fig. 3.1: Scatter plots between (a) OC and K™ for Oct-Nov and Dec-Feb and (b) OC
and K* for March and April — June; (c) PMy and Ca** for March and April — June
and (d) PMy, and Ca** for Dec-Feb and Oct-Nov at Kanpur.

3.2.2  Seasonal variability in PM;y mass at Kanpur

Based on satellite retrievals and ground-based measurements of optical
properties, earlier studies have documented relatively high aerosol optical depth
(AOD) values over the IGP throughout the year [Chinnam et al., 2006; Dey and
Tripathi, 2008; Jethva et al., 2005]. For example, Jethva et al. [2005] reported that
AOD values over the IGP ranged from 0.6-1.2 (at 550 nm) during summer with
relatively low fine-mode aerosol fraction (FMAF) values (<0.4) suggesting the
dominance of coarse-mode particles. However, fine-mode aerosols (derived from
anthropogenic emissions) dominate PMyo mass and AOD values during wintertime at
Kanpur [Jethva et al., 2005].

The monthly average PMj, concentration at Kanpur is presented in Fig. 3.2a
and the fractional contribution of total carbonaceous aerosols (TCA = 1.6 x OC +
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EC) and water-soluble ionic species (WSIS: sum of the mass concentrations of ionic
species) to PMjy mass are shown in Fig. 3.2b. In general, higher PMjy; mass is
associated with the samples collected during the post-monsoon (Oct-Nov) and
wintertime (Dec-Feb); whereas relatively low concentrations are characteristic of the
samples collected during March and summer months (April-June) (Fig. 3.2a).
Carbonaceous and water-soluble inorganic species (WSIS) contribute significantly to

the PM1o mass concentration during winter and post-monsoon seasons (Fig. 3.2b).
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Fig. 3.2: Monthly-average concentrations of (a) PM3 and (b) mass fractions of TCA

and WSIS at Kanpur. No samples were collected during the period of south-west
monsoon (July — Sep).
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The seasonal variability in PM3p mass can be explained as a combined effect
of local emission sources and the prevailing meteorological conditions (wind regimes
and boundary layer dynamics). Although, PMig mass concentration is relatively low
during summer compared to that in winter, it shows an increasing trend from Feb to
June (Fig. 3.2a). The increasing trend in the PM3o mass is attributed to the dominant
contribution from mineral aerosols during summer months. As evident from Fig.
3.2b, the contribution of TCA and WSIS decreased by a factor of two during summer
months compared to that in winter months. Thus, the decrease in contribution of TCA
and WSIS during summer months is compensated by the increased contribution from

mineral aerosols.

3.2.3 Total suspended particulate (TSP) mass and long-range transport of

aerosols at high-altitude sites

The total suspended particulate (TSP) mass, at Manora Peak, exhibit a large
temporal variability during the sampling period (Feb 2005-July 2008) and ranges
from 13 to 272 ng m™ (Fig. 3.3a). A characteristic feature of the TSP mass relates to
the dominance of carbonaceous aerosols during wintertime resulting from local
biomass burning (used for cooking and heating purposes) and vehicular emissions
whereas long-range atmospheric transport of mineral dust, originating from the Thar
Desert (in western India) and middle-East, dominate aerosol chemical composition
during summer months. Mineral dust is primarily composed of calcite (CaCOs3),
magnesite (MgCQOs3), dolomite [CaMg(COs3),], calcium sulphate (or Gypsum) and
alumino-slilicates [Cong et al., 2008]. Although, carbonate carbon (CC) is only a
minor component of TSP, it co-varies with TSP mass throughout the sampling period
at Manora Peak (Figs. 3.3a and c¢) and serves as an useful index for documenting high
dust events. Carbonate carbon (CC) mass concentrations show an order of magnitude
increase (compared to the average CC concentration) during dust events (Fig. 3.3c).
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Fig. 3.3: Temporal variability in the mass concentrations of (a) TSP, (b) water-
soluble Ca (Ca’*) and (c) carbonate carbon (CC) at Manora Peak during the
sampling period (Feb 2005-July 2008).

The carbonate carbon (CC) and TSP linear regression analysis yield a
significant correlation coefficient (R?=0.95, n = 15, p <0.05; Fig. 3.4a) at Mt Abu and
(R?=0.87, n = 20, p <0.05; Fig. 3.4b) at Manora Peak for the samples collected during
summer months. Thus, a relative increase in the mass concentration of Ca?* and
carbonate carbon (CC) concentrations in aerosols can be used as an indicator of high
dust events (Figs. 3.3 b & ¢).
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Fig. 3.4: Scatter plots between TSP and carbonate carbon at (a) Mt Abu and (b)
Manora Peak, the two high-altitude sites in India.

The total suspended particulate (TSP) mass varies from 13.4 to 432.3 ug m*
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at Mt Abu (Av: 47.2 + 22.3 ng m™, n= 40, excluding one data point with TSP value
of 432.3 ug m>; Fig. 3.5). The higher TSP mass concentrations at Mt Abu, during
summer, are dominated by mineral dust due to its location in a semi-arid region of
western India and proximity to the Thar Desert. Dust storms are a common
phenomenon in the western as well as northern parts of India during summer
[Chinnam et al., 2006; Hegde et al., 2007; Rastogi and Sarin, 2006]. The highest TSP
(432.3 pg m™) at Mt Abu, along with the highest carbonate carbon (7.95 pug m?),
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recorded on 11" June 2005 is attributed to the dust storm event (Fig. 3.5). The back
trajectory analysis based on NOAA Hysplit Model (http://www.arl.noaa.gov/ready)
also indicates the transport of mineral dust from Pakistan and Afghanistan through
the Thar Desert in western India (Fig. 3.6a). During wintertime, TSP mass
concentrations at Mt Abu are predominantly governed by the transport of air-masses
from northern India under favorable meteorological conditions. This is further
supported by the air-mass back trajectory analysis (Fig. 3.6b) indicating localized air-
mass and the highest OC and EC concentrations observed on 21% Dec, 2005 (12.3 and

2.3 ngC m, respectively; Fig. 3.5).
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Fig. 3.5: Temporal variability in the mass concentrations of TSP and carbonate
carbon (CC) at Mt Abu during the sampling period (May 2005-Feb 2006).

The relatively high TSP mass at Manora Peak, during summer, are also
supported by back trajectories (NOAA Hysplit model,
http://www.arl.noaa.gov/ready) indicating the long-range transport of mineral dust
from Pakistan and as far as from Saharan Desert (Fig. 3.6¢). Carrico et al. [2003a]

have also reported the impact of long-range transport of desert dust in the aerosol
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chemical composition at Kathmandu Valley and Langtong sites, located in the

Himalayan regions.
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Manora Peak, the two high-altitude sites in India.
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The highest TSP value of 272 pg m™ at Manora Peak, that occurred on 11"
June 2006 (DOY: 162; Fig. 3.4a), was associated with a dust storm event [Hegde et
al., 2007]. The fractional contribution of water-soluble ionic species (WSIS; sum of
the mass concentrations of cations and anions) decreased to 7% on 11" June 2006. It
is noteworthy that not only the contribution of WSIS decreased during dust events;
the contribution of TCA was reduced to 6.6% on 11" June 2006. These results
suggest that the contribution from mineral aerosols can be as high as ~85% during
some dust storm events (as observed on 11" June 2006). On the contrary, aerosol
chemical composition shows relatively higher mass concentrations of carbonaceous
species during normal days. On average, TCA contributes ~25% of the TSP during
normal days. However, the fractional contribution of TCA increases to as high as

65% during winter and post-monsoon seasons at Manora Peak.

3.2.4 Aerosol optical depth at Manora Peak

The long-term data (~42 months) of TSP and aerosol optical depth (AOD) at
Manora Peak has been compared in order to understand the impact of long-rang
transport of mineral aerosols. A compilation of AOD values, reported in the literature
(2002 onward) and those measured during 2006-2008 at Manora Peak, are presented
in Fig. 3.7. It is noticeable that AOD values at Manora Peak show a significant
increase (factor of two to six) during summer months (April-June) compared to those
during winter months (Fig. 3.7). The dust storm does not only affect the aerosol
chemical composition, they also change physical and optical properties (e.g. AOD
and fine-mode aerosol fraction, FMAF) of aerosols [Jethva et al., 2005]. The aerosol
size-distribution during storm days shows an increase in the coarse-mode particles
[Hegde et al., 2007] and a decrease in the FMAF values [Jethva et al., 2005]. During
the dust-storm event in the year of 2006 at Manora Peak, Hegde et al. [2007] have
reported that the number concentration of coarse-mode particles and AOD values
increased by a factor of five as compared to the respective monthly mean values.
Furthermore, Hegde et al. [2007] have reported a relative increase in the Angstrom

turbidity coefficients (B) and a significant reduction in wavelength exponent (o).
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Fig. 3.7: The monthly mean aerosol optical depth (AOD @ 500 nm) at Manora Peak.
The AOD data for the years 2002 and Dec 2004 are taken from Sagar et al. [2004]
and Pant et al. [2006] respectively. The vertical strips indicate the high AOD values
during pre-monsoon season of the respective years.

Based on a one-year measurement of aerosol optical depth with a
Sunphotometer at the Nepal Climate Observatory-Pyramid (NCO-P) in the Himalaya,
Gobbi et al. [2010] have also found higher AOD values during summer and lower
during winter. The monthly averaged AOD values and TSP mass concentrations at
Manora Peak for the sampling period are presented in Fig. 3.8. The TSP mass and
AOD show a similar pattern and the higher AOD during summer are attributed to the
increase in the concentration of mineral aerosols. In contrast, the lower AOD values
during monsoon months (July-Sep) are attributed to an efficient wash-out of

atmospheric aerosols by rain.
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Fig. 3.8: Temporal variability of monthly averaged AOD and TSP mass
concentrations at Manora Peak during the sampling period (Feb 2005-July 2008).

3.3 Summary

A long-term study from an urban (Kanpur) and two high-altitude sites
(Manora Peak and Mt Abu) has provided important information on temporal
variability in the abundance pattern of total aerosol mass, their sources and long-
range transport of aerosols. The major observations and conclusions drawn from this

chapter are listed below:

o The PMjy mass concentrations exhibit relatively higher values during
wintertime at an urban location (Kanpur) in the Indo-Gangetic Plain. However,
seasonal variability in total suspended particulate (TSP) mass is insignificant at
Manora Peak, except for the sampling year 2006 marked by dust storm events.

e  The aerosol chemical composition at Kanpur suggests that total carbonaceous

aerosols (TCA) and water-soluble inorganic species (WSIS) contribute nearly
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35% and 25% (of the PMji, mass) during wintertime. In contrast, their
contribution at Manora Peak is only 25% and 10% of the TSP mass. The
contribution of TCA and WSIS reduces by ~50% during summer months at all
the sampling sites.

The monthly mean AOD varied from 0.03 to 0.47 at Manora Peak with higher
values during summer months. The relatively high TSP and AOD values, during
summer, are attributed to the transport of mineral dust originating from desert
regions in middle-East and Thar Desert (in western India).

A significant increase in the mass concentrations of Ca®* and carbonate carbon
(CC) is observed during the dust storm events at urban and high-altitude sites.

A three- to four-fold increase in the OC and K* concentrations during
wintertime and significant linear relation between them suggest biomass
burning (wood-fuel and agricultural-waste) emissions as the dominant source.
The relatively high OC/EC (Av: 7.4 + 3.5) and K*/OC ratios (0.006 + 0.002) at
Kanpur also supports that emissions from biomass burning are overwhelming

for the particulate OC.
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CABONACEOUS AEROSOLS AT AN URBAN
SITE (KANPUR) IN THE INDO-GANGETIC
PLAIN

4.1 Introduction

Carbonaceous aerosols, consisting of organic carbon (OC) and elemental
carbon (EC), are the major components of atmospheric particulate matter (PM)
and constitute ~30 — 70% of the fine (<1 wm) mass over an urban atmosphere
[Cao et al., 2003; Fuzzi et al., 2006; Ram and Sarin, 2010; Rengarajan et al.,
2007]. Carbonaceous species (EC and OC) emitted from anthropogenic emission
sources (biomass burning, vehicular exhausts and fossil-fuel combustion) have
direct impact on air quality, aerosol radiative forcing and climate on a regional to
global scale [Dey and Tripathi, 2008; Gustafsson et al., 2009; Menon et al., 2002;
Venkataraman et al., 2005; Yang et al., 2005]. In addition, they have indirect
effects on cloud-droplet formation processes and precipitation efficiency by acting
as cloud condensation nuclei (CCN) [Haywood and Boucher, 2000].

In recent years, several studies have been carried out to study the optical
properties of aerosols in the IGP and to understand their impact on radiation
budget [Badarinath et al., 2007; Dey and Tripathi, 2008; Dumka et al., 2006; Nair
et al., 2007; Pant et al., 2006; Tripathi et al., 2005a, b]. However, chemical
characterization of aerosols, in particular that of carbonaceous species over the
IGP is lacking in the literature [Miyazaki et al., 2009; Rengarajan et al., 2007;
Sheesley et al., 2003]. Thus, there is a need for long-term measurements of
carbonaceous aerosols from the Indo-Gangetic Plain for better understanding the
temporal and spatial variability and their impact on radiative forcing of climate.

Furthermore, satellite and optical observations do not provide information with
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regard to OC/EC, WSOC/OC ratio and secondary organic aerosol (SOA)
formation.

In this chapter, temporal and spatial variability in the mass concentrations
of OC, EC and water-soluble OC (WSQOC) in ambient aerosols (PMyy), collected
during Jan 2007-March 2008, from an urban location (Kanpur) in the Indo-
Gangetic Plain (IGP) will be presented. These observations have been compared
with a short-term aerosol sampling conducted during Dec 2004, from urban
(Hisar, Allahabad) and rural (Jaduguda) sites in the Indo-Gangetic Plain. The
principal objective is to assess the temporal/seasonal variability in the mass
concentrations of carbonaceous species associated with the changes in
meteorological conditions, emissions and their source strengths; and to document
the representative OC/EC and WSOC/OC ratios from the Indo-Gangetic Plain.

4.2 Results and Discussion

4.2.1 Meteorological details and back trajectory analysis

The regional meteorology, topography and emission sources (natural and
anthropogenic) play an important role in determining the spatio-temporal
variability in the aerosol mass concentration and chemical composition. The flat
topography of the Indo-Gangetic Plain (extending from north-east to north-west
and parallel to the Himalayan range), the moderate winds and a shallow boundary
layer height during wintertime favour an efficient trapping of aerosols in the lower
atmosphere. The rainfall during south-west monsoon (late June — Sep) accounts
for ~70% of annual precipitation over India whereas very little rainfall occurs
during winter (Dec — Feb). Based on the regional meteorology, the temporal
variability in the aerosol composition has been discussed in terms of four different
seasonal patterns referred as winter (Dec — Feb), summer/pre-monsoon (April —
June), monsoon (late June — Sep) and post-monsoon (Oct — Nov). It is relevant to
state that the annual seasonal cycle, as defined in this study, represents the tropical
climate of the Gangetic Plain. The month of March represents a transition phase

between the winter and summer. In general, the major wind regime observed in all
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seasons during the sampling period was northwesterly (NW) with additional

components from the northeast (NE) and southwest (SW) directions (Fig. 4.1).
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Fig. 4.1: Wind-rose plot for the sampling period from Jan 2007 to March 2008:
(a) winter (Dec — Feb), (b) spring (March), (c) summer (April — June) and (d)
post — monsoon (Oct — Nov). The letters N, E, S and W refers to north, east, south
and west-directions, respectively.

The seasonally averaged (+ 1c) data of temperature, wind-speed, wind-
direction and relative humidity (RH) are presented in Table 4.1. The temperature
and wind-speed was generally low during winter and post-monsoon seasons

compared to those during summer seasons. The relative humidity goes as high as

-51 -



Chapter-4

100% with average RH close to 70% during winter and post-monsoon seasons
(Table 4.1). The stagnant atmosphere and the relatively higher concentrations of
anthropogenic aerosols and their hygroscopic growth lead to reduction in the
visibility and fog-haze formation during wintertime over the IGP [Gautam et al.,
2007; Ramachandran et al., 2006; Ramanathan and Ramana, 2005; Tare et al.,
2006]. The relative humidity is generally lower (~25-60%) but temperature rises
to 44 °C and wind speed is relatively higher during summer months (Table 4.1).
The surface level low pressure in north-western India, aided by the westerly and
north-westerly winds and high ambient temperatures, is mainly responsible for the
long-range transport of mineral aerosols during summer months [Mishra and
Tripathi, 2008; Singh et al., 2005]. The change in wind regimes and an increase in
ambient temperature favour vertical convective mixing and lead to a rapid

decrease in the concentrations of chemical species during summer months.

Table 4.1: Meteorological data during the sampling period (Jan 2007-March 2008)
at Kanpur. Numbers within parenthesis represent the range of values.

Months Tempoerature Wind-s_ll)eed .Win(.l- lﬁl elinait(;;,t;
(°cO) (ms™) direction (%)

Dec-Feb 15.7+5.6 05+05 192+97 70x24
(5.2-29.6) (0.0-2.9) (6-355)  (17-100)

March 22952 08+05 196+37 56=x19

(15.4-30.6) (0.1-5.1) (134-286) (28-84)

April-June 31554 10+£10 177+99 43+13

(17.3-44.1)  (0.1-6.1) (15-355)  (25-60)

Oct-Nov 229+6.3 03+05 170+100 67+24
(9.3-35.5) (0.0-3.5) (1-359)  (17-100)

The five-day back trajectory analysis was performed (at three different
heights 500, 1000 and 1500 m above ground level) to track the origin and
transport of air masses arriving at the sampling site. The air mass trajectories
were obtained from the final run data archive of GDAS model using NOAA Air
Resource Laboratory (ARL) Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [Draxler and Rolph, 2003; Rolph, 2010]. The back
trajectories computed for the specific sampling dates (28" March, 2" June, 16 and
20" Nov, 1% and 16™ Dec, Fig. 4.2) indicate localized as well as long-range

transport of aerosols. The long-range transport of aerosols originating from Iran,
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Afghanistan and Pakistan and the Thar Desert (western India) is a characteristic

feature during the summer months whereas localized air masses during wintertime

and post-monsoon indicate the dominance of anthropogenic emission sources.
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Fig. 4.2: Five-day back trajectory analyses for the selected sampling dates in
order to ascertain the localized and/or long-range transport of air-mass.
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4.2.2 Mass concentrations of carbonaceous species (OC and EC): Spatio-
temporal variability

The OC and EC mass concentrations, at Kanpur, exhibit large temporal
variability during the sampling period (Jan 2007-March 2008) and varied from 8.3
to 81.2 ugC m™ (Fig. 4.3a) and 0.7 to 14.4 ugC m™ (Fig. 4.3b), respectively. The
annual average OC and EC mass concentrations, 25.8 £ 16.1 and 3.8 + 2.3 ngC m’
® respectively, accounts for ~16% and 2.5% of the PM;, mass at Kanpur. The
highest OC concentration (81.2 pgC m™) was observed for the sample collected
during winter month (Dec) while the highest EC (14.4 ngC m™) was obtained in
the month of March.

=
(6]

Jan-FeiMarc | April-June V Oct-NovI Dec-Fe @
ol oo o
& 2 l % I
E | . né .

Bl e W
- |

lzo- : | % I

é | i —e— WSOC/OC % | (d)

O 05 - | |

Fig. 4.3: Temporal variability of the concentrations of carbonaceous species: (a)
EC, (b) OC, (c) WSOC and (d) WSOC/OC ratios at Kanpur. The time-period
between June and Sep, shown by a vertical bar, represents the monsoon period
and no samples were collected.

-54 -



Chapter-4

The abundance patterns of carbonaceous species (OC, EC and WSOC)
show a seasonal variability with higher values during winter and post-monsoon
and lower during summer months (Figs. 4.3a, b & c respectively). The monthly
average mass concentrations of OC, EC, TCA, WSOC and OC/EC and
WSOC/OC ratios are presented in Table 4.2. The average OC and EC
concentrations during winter and post-monsoon are two-to-three times higher than

in summer (Table 4.2).

Table 4.2: Monthly-averaged mass concentrations of OC, EC, TCA, WSOC and
their ratios (=1 o) at Kanpur. Numbers within parenthesis are median values.

Month n | PM,, oC EC TCA  WSOC | OC/EC WSOC/OC
pg m? ratio
Jan7 3 | 215%34 437£124 55+13 754%198 150%7.9|82%34 033009
an- (213) (42.9) (5.4) (73.5) (136) | (7.8) (0.32)
Febo7 6 | 121%55 240111 37+18 421%186 10.051|7.231 0.41%09
(110) (22.0) (3.4) (38.9) (8.8) | (6.5 (0.39)
Maro7 g |130%82 187+103 5341 352:192 6.2%23|48+4.0 0.36+0.09
(109) (16.5) (4.2) (31.1) 9 | (3.9 (0.34)
Aor07 10|134%£30 164350 27+10 20085 67+23|68+23 043:013
pr- (131) (15.8) (2.5) (27.9) 6.4) | (6.3) (0.41)
Mav.07 10| 150%41 11522 17+05 201+38 62%15|75%23 0.56+0.10
ay- (145) (11.4) (1.6) (19.8) 6.0 | (7.2 (0.55)
Jun7 5 |160%59 11021 1707 102%39 55%23|7.7+41 050+0.12
un- (148) (10.8) (1.5) (18.9) (52) | (7.0 (0.49)
Oct.07 7 | 16037 27.9%88 39+10 485%149 155+55|7.106 0.56+007
. (156) (26.8) (3.8) (46.7) 147 | (7.0 (0.56)
Nov.g7 3 |206%88 345%113 44%22 506+19.9 152+20|85+24 047+0.14
ov- (195) (33.1) (4.0) (57.0) (15.1) | (8.3) (0.46)
Decy7 & | 255%35 5554159 44305 926+252 21.7+82 125'%i 0.39 +0.07
(253) (53.5) (4.4) (90.1) (208) | (5qy  (0:39)
Jan08 4 | 216%15 460+142 5913 79.4%227 182+73|8.1%3.1 040012
an- (216) (44.5) (5.8) (77.2) 17.0) | (7.7 (0.39)
Febog 4 | 160%41 385+134 56+13 67.1+189 12.3+4.2/6.9+26 032:0.05
b= (158) (37.2) (5.5) (65.1) 116) | 6.7 (0.32)
Mar-08 1| 230 30.1 9.7 58.0 25 3.1 0.32
Annual 66| 16466 258161 3823 450%27.1 108+66|7.4£35 044012
(160) (1.7) (3.4) (36.8) 85 | (6.7) (0.46)

Total carbonaceous aerosol (TCA) was estimated by summing up the
organic matter (OM) and elemental carbon (EC) concentrations. The OM

concentration was taken as 1.6 times that of organic carbon measured in aerosols
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(i.e. OM = 1.6 x OC). Although, a wide range of values for OM/OC ratios (1.2 to
2.1) have been reported in the literature [Turpin and Lim, 2001]; a value of 1.6 for
OM/OC ratio have been suggested for urban aerosols [Cao et al., 2003;
Rengarajan et al., 2007]. The conversion factor is used to account for the
elements, present in aerosols, other than carbon (such as oxygen, nitrogen and
sulfur etc). The seasonal average mass concentrations of OC, EC, TCA and
respective ratios are presented in Table 4.3. On a seasonal basis, TCA accounts
for ~38, 17 and 31% of the PM;o mass during winter, summer and post-monsoon
seasons, respectively.

Table 4.3: Seasonal-average mass concentrations of PM;y, OC, EC, TCA, WSOC
and their ratios (+ 1o) at Kanpur. Numbers within parenthesis are median values.

Seasons n| PMy,  OC EC TCA  WSOC | OC/EC WS(éC/ 0
pg m> ratio
Dec.Feb 27| 189264 40.4+166 49+15 695%27.0 153+7.6(8.7+39 037009
(172)  (340)  (4.4) (59.0)  (134) | (7.8)  (0.37)
141+84 19.9+103 58+41 37.7+195 64+25|46+38 039+0.11
March 9

(119)  (17.6)  (4.6) (33.3) 60) | (38  (0.37)

146 +41 134+43 21+09 235+75 66+20|7.3+32 051+0.13
(140)  (128)  (L9) (22.5) (6.2) (6.8)  (0.48)

174+56 29.8+95 41+13 51.8+16.3 156 +4.6| 7.5+ 1.4 0.54+0.09
(167)  (286)  (3.9) (49.6) (15.1) | (7.4)  (053)

April-June 25

Oct-Nov 10

The temporal variability of the mass concentrations PM;o, TCA and WSIS
are presented in Figs. 4.4a, b and c, respectively and the fractional contribution of
TCA and WSIS (to PM;o mass) are shown in Fig. 4.4d. The higher concentrations
of carbonaceous species during winter and post-monsoon seasons are related to an
increase in biomass burning emission from residential heating purposes. However,
the increase in mass concentrations of carbonaceous species (EC and OC) cannot
be fully explained in terms of increase in their source strength. The role of
meteorological conditions (wind patterns and boundary layer dynamics) is
necessary to explain these variabilities. The wind speed is generally low (<2 ms™)
and air masses are localized during wintertime (Table 4.1 and Fig. 4.1). Nair et al.

[2007] have reported that the boundary layer height at the urban site (Kanpur)
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varied between 500-800 m during the observations made in Dec 2004. An
increase in the source strength of carbonaceous aerosols and a lower boundary
layer height during the wintertime are the main causes for the high mass
concentrations of EC and OC. The water-soluble ionic species (WSIS; sum of the
mass concentrations of cations and anions) also exhibit a similar seasonal
variability (Fig. 4.4c). The seasonally averaged WSIS concentrations account for
~24, 9 and 19% of PMj, mass during winter, summer and post-monsoon,
respectively. The variability in TCA and WSIS abundances is also reflected in the
variability in PMj, mass concentrations at Kanpur during the sampling period
(Fig. 4.4a).
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Fig. 4.4: Temporal variability of: (a) PMj; mass concentrations of (b)TCA, (c)
WSIS and (d) fractional contribution of TCA and WSIS to PMy, during the
sampling period. The time-period between June and Sep, shown by a vertical bar,
represents the monsoon period and no samples were collected.
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4.2.3 The OC/EC ratios and characterization of sources of carbonaceous
aerosols

The OC/EC ratio at Kanpur also shows a large temporal variability and
varies from 2.4 to 22.0 during Jan 2007 — March 2008 (Av. 7.4 + 3.5, n=66).
Similarly, the OC/EC ratios at Allahabad varied from 5.7 to 11.4 (Av: 8.1 £ 1.7,
n=19) and those at Hisar varied from 5.4 to 17.8 (Av: 8.5 + 2.2, n =41) during Dec
2004. In contrast, the OC/EC ratios at Jaduguda are relatively lower and ranged
from 2.1 t0 4.0 (Av: 3.1 + 0.6, n =7) during Dec 2004. The OC/EC ratios in urban
aerosols, except for few of the samples collected during March at Kanpur, are
significantly higher compared to those reported in the literature for urban areas of
the world (typical OC/EC ~2 to 3) [Duan et al., 2006; He et al., 2001]. The
OC/EC ratios in ambient aerosols at urban sites (Hisar, Allahabad and Kanpur) are
characteristically different than those at a rural site (Jaduguda) in the IGP. The
observed variability in abundance patterns of carbonaceous species and OC/EC
ratio can be attributed to the variability in the emission sources and their emission
strength.

Biomass burning and fossil-fuel emissions have characteristically
different end member OC/EC ratios. Several investigators have used OC/EC ratio
to identify the sources of carbonaceous aerosols [Andreae and Merlet, 2001; Ram
et al., 2008; Sandradewi et al., 2008b; Sudheer and Sarin, 2008]. These studies
have suggested relatively high OC/EC ratios for biomass burning emission and
low ratios for vehicular (traffic) emissions. The OC/EC ratio, obtained in this
study, covers the range of ratios documented for vehicular exhaust and biomass
burning emissions. For example, Saarikoski et al. [2008] have reported OC/EC
ratio of 6.6 for biomass burning emission and 0.71 for vehicular emission whereas
Sandradewi et al. [2008b] obtained values of 7.3 and 1.1 for the two sources,
respectively.

The seasonally averaged OC/EC ratios at Kanpur are given in Table 4.3;
indicating higher OC/EC ratios from biomass burning emissions. However, it is
noteworthy that the average OC/EC ratio of 2.9 = 0.5 (range: 2.4 to 3.5; n=7,
excluding two high values of 6.9 and 14.1) is much lower than those for winter

and post-monsoon season (Table 4.3) and most of the lower OC/EC ratio are
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observed for the samples collected during March. The month of March is
characterized as a transition period between the winter and summer in India; the
strength of biomass burning emission decreases significantly because residential
heating is switched off. The coal-based (from brick-kiln and thermal power
plants) and vehicular emission becomes prominent. Reddy and Venkataraman
[2002] have estimated that ~3% and 1% of particulate matter (PM) can be
identified as OC and EC respectively; thus producing OC/EC ratios of about three
during the emissions from coal-fired industries. Jaduguda is located in the eastern
part of India where coal-based emissions are predominant [Prasad et al., 2006].
The OC/EC ratio at Jaduguda is quite similar to emissions from coal-fired
industries and thus, indicates coal-based emission as a major source of
carbonaceous species at Jaduguda.

Biomass burning emissions, including savanna burning, forest fires and
agricultural waste burning, produce a significant amount of K* and carbonaceous
species (OC and EC). In contrast, fossil-fuel and vehicular emissions also produce
high concentrations of OC and EC but low K" concentration. Thus, K*/OC and
K*/EC ratios can be used to characterize aerosols produced from biomass burning
and/or fossil fuel emissions. The K*/OC ratios exhibit a narrow range of 0.08 —
0.10 for savanna burning [Echalar et al., 1995] and 0.04 — 0.13 for agricultural
waste burning [Andreae and Merlet, 2001]. Similarly, relatively high K*/EC ratios
have been reported for biomass burning (range: 0.21- 0.46) and low ratios for
fossil-fuel emissions (range: 0.025 — 0.09) [Andreae, 1983 and references therein].
The K*/EC ratio at Allahabad varied from 0.30 to 0.69 (Av: 0.44 + 0.11), similar
to that reported for biomass burning emissions. However, K'/EC ratios at
Jaduguda (Av: 0.13 £ 0.04; range: 0.08 — 0.19) are somewhat lower and indicative
of fossil-fuel emissions. The K*/OC and K*/EC ratios in aerosols from the Indian
and Chinese sites, along with ratios for savanna burning and agricultural waste
burning, are presented in Table 4.4.

However, a fraction of K* can be derived from the fertilizers (used for
agricultural purposes), sea-salt and mineral dust [Chester, 1990] and can increase
K*'/OC and K'/EC ratios. For example, Duan et al. [2004] have reported that
K*/OC can be as high as 0.20 during the wheat straw burning episode and possible
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contribution from fertilizer sources. Nevertheless, based on OC/EC and K'/EC
ratios, biomass burning (agricultural waste and wood-fuel) emission has been
inferred as a major source of carbonaceous species at Hisar, Kanpur (except in
March), and Allahabad during the wintertime while fossil-fuel (coal-based)
emission dominates at Jaduguda.

Table 4.4: The average (+ 1 6) and range (in parenthesis) of K'/OC and K'/EC
ratios in aerosols from the Indian and Chinese sites. The range of ratios for savanna
burning and agricultural waste burning is also given.

Sampling J o seriod  K'/0OC K'/EC Emission References
site sources
0.06 £ 0.02 0.28 £0.10 . .
Kanpur Oct-2008 (0.02-009) (0.15-0.55) Biomass burning Present study
0.04 £0.01 0.42£0.18 . .
Kanpur Jan-Feb 2007 (0.02-007)  (0.15-0.98) Biomass burning Present study
" i 0.05+0.01 0.44+£0.11 . .
Allahabad Dec-2004 (0.04-006) (0.30-0.69) Biomass burning Present study
.y i 0.08 £ 0.02 0.64 £0.19 . . Rengarajan et
Hisar Dec-2004 (0.04-0.14)  (0.28-1.21) Biomass burning al. [2007]
. Echalar et
0.08 -0.10 Savanna burning al [1995]
Agricultural ~ Andreae and
0.04-0.13 waste burning  Merlet [2001]
Nov-Oct- Straw burning/ Duan et al.
Beijing 199795 019-021 Fertilizer [2004]

*- Aerosol samples were collected during Dec 2004 land-campaign
4.2.4 Mass concentrations of WSOC

Water-soluble organic carbon (WSOC) is one of the major contributors to
the total water-soluble constituents in atmospheric aerosols. The WSOC mass
concentrations, in aerosol samples collected during Jan 2007 — March 2008,
varied from 3.3 to 33.5 ugC m™ (Fig. 4.3c). The WSOC concentrations are two-
to-four times higher during the wintertime compared to those in summer months.
However, the measured WSOC concentrations at Kanpur (during the wintertime)
are similar to those obtained at urban and rural sites in the IGP (during Dec 2004
land-campaign) [Ram and Sarin, 2010; Rengarajan et al., 2007]. For example, the
WSOC concentrations ranged from 5.6 to 27.8 pgC m™ (Av: 17.7 + 5.9 ugC m)
at Allahabad and 3.5 to 22.1 ugC m™ (Av: 10.7 + 4.5 pgCm™) at Hisar, the two

urban locations in the IGP. Furthermore, the WSOC mass concentrations at urban
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in the IGP are similar to those obtained at a rural site (Jaduguda), located in the
eastern part of India (range: 10.5 to 21.6; Av: 16.2 + 3.5 ugC m™).

The WSOC concentrations in the day- and night-samples, collected during
19-30™ Oct 2008 at Kanpur, varied from 12.2 to 71.6 .gC m™ (average: 31.6 +
15.3 ugC m™) and 14.4 to 73.5 .gC m™ (average: 32.9 + 13.8 .gC m™) in PMys
and PMy, respectively. Thus, on average, more than 95% of the WSOC mass is
found in the fine-mode aerosols (i.e. aerosols with aerodynamic diameter less than
2.5 um). Scatter plots between WSOC and OC, for the samples collected at urban

sites in the IGP, are shown in Fig. 4.5.
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Fig. 4.5: Scatter plots between WSOC and OC in aerosol samples collected
during Jan 2007-March 2008 and Oct 2008 from an urban location (KNP;
Kanpur). The data from other urban sites (ALB; Allahabad and HSR; Hisar) in
the IGP are also shown. One encircled data point is excluded from the regression
analysis. ““n” represents the number of aerosol samples collected during each
sampling period.
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The WSOC shows a linear dependence on the OC with all the data points,
collected during the wintertime, falling on a line with a slope of 0.40 (Fig. 4.5).
However, the samples collected during daytime (Oct 2008) and summer (April-
June 2007) fall on a different line (slope= 0.65; Fig 4.5).
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4.2.5 The WSOC/OC ratio and secondary organic aerosol (SOA)

formation

The WSOC/OC ratios ranged from 0.21 to 0.70 at Kanpur for the samples
collected during Jan 2007-March 2008 (Fig. 4.3d). The monthly average
WSOC/OC ratios at Kanpur are presented in Fig. 4.6. The WSOC/OC ratios,
during wintertime, are similar to those at Allahabad and Hisar (obtained during
Dec 2004 land-campaign [Ram and Sarin, 2010]. However, relatively higher
WSOC/OC ratios are observed for the samples collected during summer and post-

monsoon (Fig. 4.6).
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Fig. 4.6: Monthly-averaged WSOC/OC ratios at Kanpur during Jan 2007- March
2008.

The higher WSOC/OC ratios, during summer (Fig. 4.6), can be attributed
to the enhanced secondary organic aerosol (SOA) formation. In order to get an
insight of the SOA formation, WSOC/OC ratios are compared with the day- and
night-samples collected during Oct 2008 at Kanpur. The WSOC/OC ratios range
from 0.44 to 0.90 for the samples collected during daytime whereas WSOC/OC
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ratios, for the night-samples, are relatively lower and vary from 0.36 to 0.58
during Oct 2008. The average WSOC/OC ratios for samples collected during
daytime (0.67 £ 0.14, n=17) are significantly higher than that for the night-
samples (0.47 + 0.07, n=17). For inter-comparison, the average WSOC/OC ratios
at urban sampling sites (Delhi, Hisar, Kanpur, and Allahabad) and a rural site

(Jaduguda) in the IGP are presented in Fig 4.7.
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1. Hisar; 2. Delhi (nighttime); 3. Delhi (daytime); 4. Allahabad; 5. Kanpura;

6. Kanpur (nighttime), 7. Kanpur (daytime) and 8. Jaduguda

Fig. 4.7: The average WSOC/OC ratios at urban sampling sites (1-5) and rural
site (8) in the Indo-Gangetic Plain during wintertime. The data for day and night-
samples are also shown (6-7). Delhi: Miyazaki et al. [2009], Hisar: Rengarajan

et al. [2007], Allahabad: Ram and Sarin [2010], Kanpur® (Jan-Feb 2007).
Number within parenthesis represents median values.

The WSOC/OC ratios have been used to infer the secondary organic
aerosol (SOA) formation because most of the SOAs have polar functional groups
and thus, are soluble in water [Miyazaki et al., 2007; Pio et al., 2007; Weber et al.,
2007]. The SOA formation depends on the photochemical activity (the solar
radiation and particularly the ultraviolet region of the spectrum), concentrations of

volatile organic compounds (VOCs) and oxidizing agents such as Os;, OH,
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peroxide and nitrate radicals. Several experimental and modeling studies suggest
that SOA formation increases with increasing Os; concentration and the
photochemical activity, thus, resulting in a diurnal pattern in the SOA abundances.
For example, Chang and Lee [2007] have reported that SOA formation shows a
diurnal pattern and SOA concentration reaches to the maximum when O3
concentration exceeds 120 ppb. Furthermore, SOA formation also shows a
seasonal pattern (higher SOA formation during the summer and low during the
winter) and the seasonal variability has been explained in terms of the lower
photochemical activity during the wintertime [Castro et al., 1999].

Along with the SOA formation, a significant fraction of WSOC results
from the particulate OC produced during direct emissions from biomass burning
and vehicular exhaust. Thus, primary emissions of particulate OC can contribute
to the WSOC/OC ratios measured in the aerosol samples. Furthermore, it has also
been suggested that biomass burning emissions produce relatively high amount of
water-soluble organic compounds and higher WSOC/OC ratios [Kundu et al.,
2010; Mayol-Bracero et al., 2002; Saarikoski et al., 2008]. For example,
Saarikoski et al. [2008] have reported a ratio of 0.40 for biomass burning and a
low of 0.27 for traffic (vehicular) emissions. In the context of regional emissions,
relatively lower oxygenated organic aerosols and WSOC/OC ratios have been
observed at urban locations (near the source region of emissions) and the
WSOC/OC ratio increases at remote locations [Pio et al., 2007; Zhang et al.,
2007]. In the present study, aerosol samples collected from Kanpur represent their
collection within the source region of biomass burning emission, especially those
collected during wintertime. In addition, the ambient temperature and
photochemical activity is lower during wintertime resulting in lower WSOC/OC
ratios. Earlier studies have also suggested that WSOC/OC ratios, during
wintertime, are relatively lower (range: 0.30 to 0.45) over urban sites in northern
India [Miyazaki et al., 2009; Ram and Sarin, 2010; Rengarajan et al., 2007].
Thus, higher WSOC/OC ratios (in the samples collected during daytime and
summer months) provide an evidence for the enhanced SOA formation. However,

the role of oxidizing species and VOCs needs to be further investigated for the
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better understanding of the SOA formation and its influence on the hygroscopicity

of ambient aerosols and fog-haze weather formation over the IGP.

4.2.6 Estimation of Secondary Organic Carbon (SOC)

Secondary organic aerosols (SOA) are one of the major components of
organic aerosol (OA); however, the estimation of SOA is not straight forward and
requires the knowledge of chemical and physical transformation processes (e.g.
their formation and partitioning into the particulate phase). The secondary organic
carbon (SOC) in aerosol is either estimated using the EC tracer method [Cabada
et al., 2004; Turpin and Huntzicker, 1995] or by adding up all the oxidation
products measured in aerosols [Schauer et al., 1996]. The EC tracer method has
been applied to estimate the SOC content in aerosols using following equations:

(0C),, =(0C) i,y +SOC (1)

prim
which can be rewritten as
(oC),, = (%]pnm ¢(EC),, +SOC (2)

The estimation of secondary organic carbon (SOC), using the EC tracer
method [Castro et al., 1999; Ram et al., 2008], is very difficult because of the vast
primary emission sources over Indian subcontinents. All the primary emission
sources such as biomass burning, fossil-fuel and vehicular exhaust (with
characteristically different end member OC/EC ratios) will contribute to OC/EC
ratio and thus, the approximation of minimum OC/EC ratio (i.e. (OC/EC)min) In
aerosol samples is rather disputable. The use of lower (OC/EC)min ratio can
provide an overestimation of SOC while higher (OC/EC)min ratio will result in an
underestimation. However, for smaller sampling period (such as on a seasonal
basis), primary emission sources can be assumed to be invariable, although
emission strength may vary over the sampling period. Thus, for the first order
approximation, the minimum OC/EC ratio obtained during the sampling period
can be taken as a representative of (OC/EC)min.

Using the EC as a tracer for primary emission of carbonaceous aerosols,
estimated SOC concentrations contribute to ~40, 50 and 20% in winter, summer

and post-monsoon seasons, respectively for the samples collected during Jan
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2007-March 2008 from Kanpur. Based on the similar approach, SOC was
estimated for other sampling locations in the IGP during the wintertime and it was
observed that SOC contribution is nearly same at all sites in the IGP (~30% of
OC) which is similar to those reported in literature. For example, Cabada et al.
[2004] have shown that SOA formation shows a similar pattern with ozone
concentration and photochemical activity, and about 35% of OC at western
Pennsylvania was estimated to be of secondary origin in nature. Castro et al.
[1999] reported the SOC contribution to OC was as low as 17% during winter.
The low SOC abundance at Allahabad is further supported by the low ozone
concentration and photochemical activity during wintertime. Badarinath et al.
[2007] have reported that daily mean ozone concentrations ranges from 14 to 35
ppbv (average: 20 ppbv) and photochemical activity was lower during wintertime
(Dec 2004) at Allahabad, suggesting low SOA formation.

4.2.7  Fractional contribution of the absorbing EC to aerosol mass
Although EC constitutes only a minor fraction of PM;o mass, it is one of
the major absorbing particulate species of the solar radiation. The EC/PM;o mass
ratio can thus, provide a qualitative assessment of the absorbing nature of aerosols
and helps to understand the radiative impact of EC. In general, EC/PMy, ratio
varies from 3-10% over the urban locations in India [Babu and Moorthy, 2002;
Babu et al., 2002], but it can be as high as 15% during wintertime in some parts of
the IGP [Ganguly et al., 2009; Tripathi et al., 2005a]. The EC/PM;o mass ratio at
Kanpur exhibit a large temporal variability (range: 0.4 to 7.7% of PMyg; average:
2.5 + 1.5% of PMyp) during the study period. The EC/PMj, mass ratios are slightly
higher during winter (range: 1.4 to 7.7%; average: 2.9 + 1.5% of PM;) and post-
monsoon season (range: 1.4 to 7.7%; average: 2.5 + 1.1% of PMyg) and lower
during summer (range: 0.4 to 2.9%; average: 1.6 + 0.8% of PMyo). However, the
highest EC/PMyy ratio is obtained for the samples collected during March (range:
1.0 to 5.9%; average: 4.3 = 1.5% of the PMyg). Such a large variability in the
EC/PMy, ratio at Kanpur results from the change in the sources and emission
strength of carbonaceous and mineral aerosols and meteorological conditions.

Earlier studies, reported in the literature, have suggested relatively low EC/PMjy
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ratios over semi-arid and high-altitude locations compared to those over urban
environments [Hegde et al., 2007; Hyvarinen et al., 2009; Pant et al., 2006; Ram
and Sarin, 2010]. The seasonal variability in mass concentrations of absorbing EC
and EC/PMyy ratios, observed in this study, can have a significant influence on the
estimation of SSA and direct aerosol radiative forcing on a regional scale.

4.2.8 Inter-comparison of mass concentrations of OC and EC over Indian
regions

A land-campaign was carried out during wintertime (Dec 2004) over the
Indo-Gangetic Plain (IGP) wherein measurements of BC mass concentrations
along with several other chemical and optical properties were preformed [Nair et
al.,, 2007; Ramachandran and Rajesh, 2007; Ramachandran et al., 2006;
Rengarajan et al., 2007; Tare et al., 2006; Tripathi et al., 2005a]. These studies
have reported a large scale heterogeneity and spatio-temporal variability in
aerosol chemical and optical properties over the IGP. The OC and EC mass
concentrations at Kanpur, during winter and post-monsoon seasons, are similar to
those at Hisar (Table 4.5). Although, filter-based measurements of OC and EC are
limited over Indian regions [Rengarajan et al., 2007; Venkataraman et al., 2002];
BC measurements using an Aethalometer have been extensively performed to
document the spatio-temporal variability. However, OC and EC concentrations
are two to three times lower in summer months. A comparison of measured OC
and EC concentrations at Kanpur during 2007-2008 and those reported in the
literature from different sampling locations in India are given in Table 4.5.

Over urban locations, BC mass concentrations are generally less than 15
ngC m™ (Table 4.5), however, it can be as high as 60 pgC m™ at some locations
[Ganguly et al., 2006; Latha and Badarinath, 2003]. Tripathi et al. [2005a] have
reported that BC mass concentration at Kanpur varied from 6 to 20 pgC m™
during the field-campaign (Dec 2004) and resulted in a low value of 0.76 for
single scattering albedo (SSA). During the same field-campaign, Ganguly et al.
[2006] have reported that BC mass concentration was as high as 60 ugC m™ at
Delhi (an urban location) with an average value of 29 + 14 ugC m™ resulting in
further lower value of 0.68 for SSA.
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Table 4.5: Comparison of OC, EC (or BC) mass concentrations and OC/EC ratios over Indian regions.

Sampling Location Type Lon Lat Elevation ocC EC or BC OC/EC References
Time °N °E m amsl® pgC m™ pgC m?
Jan-Feb 07+ -

Dec 07-Feb 08 26.5 80.3 142 40.4 £ 16.6 49+15 8.7+39 This study
Mar-07 & 08 Kanpur urban 26.5 80.3 142 19.9+103 58+41  4.6+38 This study
Apr-June 07 26.5 80.3 142 13.4+43 21+09 73+3.2 This study
Oct-Nov 07 26.5 80.3 142 29.8+95 41+13 75x14 This study

Dec-04 Allahabad urban 254 81.9 123 49+14.1 6.2+20 8.1+1.7 Ram and Sarin [2010]
Dec-04 Jaduguda rural 225 85.7 150 353+7.1 116+20 3.1+06 Ramand Sarin [2010]
Dec-04 Hisar urban 29.2 75.7 219 33.0+£17.9 38+14 8.5+ 2.2 Rengarajan et al. [2007]
Dec-04 Manora Peak high-altitude 29.4 79.5 1950 48+11 09+0.3 6.0+ 1.9 Rengarajan etal. [2007]

Feb 05-June 07  Manora Peak high-altitude 294 79.5 1950 8.7+45 1.1+0.7 8.4+28 Ram et al. [2008]

June 05 - Feb 06 Mt Abu high-altitude 24.6 2.7 1700 3.7x24 0505 6.1+2.0 Ram et al. [2008]

Jan-Mar1999  Mumbai® urban 189 729 0 373+105 124451 3105 Ve”kat?zrg(r;‘;}” etal.

Jan- Mar 2000 Mumbai® urban 189 729 0 253+99 126+30 20+03 Ve”katf‘zrg(';;a]‘” etal.
Dec-04 Manora Peak” high-altitude 294 79.5 1950 1.4+09 Pant et al. [2006]
Sep 05- Sep 07 Mukteshwar  high-altitude  29.44 79.62 2180 0.80 Hyvarinen et al. [2009]

Dec-04 Kanpur” urban 26.5 80.3 142 6.0 -20.0 Tripathi et al. [2005a]
Aug 2000-Oct . 4 ) Babu and Moorthy,
2001 Trivandrum urban 8.57 77.0 1 4.0-8.0 [2002]
Jan-July Hyderabad" urban 172 783 500 0.5-68 Latha a?go%%‘]’a””ath'
Oct-Dec 2001 Bangalore” urban 13.0 77.6 960 0.4-10.2 Babu et al. [2002]
B # ) Ramachandran and
Sep 03-June 05  Ahmedabad urban 23.0 725 55 0.2-10.0 Rajesh, [2007]
Dec-04 Delhi * urban 28.6 77.2 239 29.0+14.0 Ganguly et al. [2006]
Dec-04 Kharaghpur” urban 22.3 87.3 30 8.0-28.0 Nair et al. [2007]

*Above mean sea level; *Aethalometer BC data
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4.3 Summary

The major observations and conclusions drawn from this chapter are listed below:

e A comprehensive one-year (Jan 2007- March 2008) set on the chemical
composition of ambient aerosols (PMj), collected from an urban location
(Kanpur) in the Indo-Gangetic Plain (IGP) suggests that the varying strength
of the regional emission sources, boundary layer dynamics and formation of
secondary aerosols all contribute significantly to the temporal variability in
the mass concentrations of carbonaceous and inorganic species.

e  Carbonaceous aerosols contribute nearly one-third of the PM;, mass during
wintertime whereas their contribution is only ~10% during summer. The
long-range transport of mineral aerosols from Iran, Afghanistan and the Thar
Desert (western India) is significantly pronounced during summer months.

e A three-to-four fold increase in K" and OC concentrations during wintertime
and significant correlation (R?=0.79) between them suggest the dominance
of biomass burning emission (wood-fuel and agricultural waste) at Kanpur.

e  The fractional mass of absorbing EC varies from less than a percent (during
summer) to as high as 8% (during winter).

e  The WSOC/OC ratios are fairly uniform (~0.35 — 0.40) in aerosols over
urban and rural sites in the IGP for the samples collected during wintertime.
However, elevated WSOC/OC ratios were observed for the samples
collected during daytime and summer. The relatively higher WSOC/OC
ratios during daytime and summer suggest significant contribution from
secondary organic aerosols.

o The efficient neutralization of H,SO, by NHs in the winter and NH;*/SO,*
molar ratio greater than two suggest the formation of (NH4),SO, and
NHsHSO, salts; whereas their molar ratio is less than one during summer.
The formation of secondary particulate species over urban regions has

implications to the degradation in the air-quality and reduction in visibility.
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CABONACEOUS AEROSOLS AT HIGH-
ALTITUDE SITES IN INDIA

5.1 Introduction

Atmospheric carbonaceous aerosols over south Asian region, originating
from anthropogenic activities, forest fires and biomass burning emissions, are
gaining significant importance in terms of their impact on regional air quality and
climate system [Cao et al., 2004; Charlson et al., 1992; Lelieveld et al., 2001,
Menon et al., 2002]. These aerosols contribute nearly 20 to 50% of the total
suspended particulate (TSP) matter in the ambient atmosphere over continental
mid-latitude regions [Jacobson et al., 2000; Sillanpaa et al., 2005] and as high as
90% over tropical forested areas [Kanakidou et al., 2005]. The carbonaceous
aerosols are mainly composed of organic carbon (OC) as a major component,
contributing up to 90% of the total carbon and relatively low contribution (5-10%)
from elemental carbon (EC). The direct emissions from biomass burning and
fossil fuel combustion produce primary organic carbon (POC) and occur in the
form of particulate organic matter (POM). On the other hand, secondary organic
carbon (SOC) is formed via the oxidation of volatile organic reactive compounds
in the atmosphere through the formation of secondary organic aerosols (SOA).

Both, OC and EC have different optical and chemical properties. For
example, OC (the fraction associated with condensed organic compounds) scatters
the solar radiation while EC act as an efficient absorber [Ackerman et al., 2000;
Jacobson, 2001]. Organic aerosols, predominantly found in fine-mode (<1 um),
represent a large variety of organic compounds (aliphatic, aromatic compounds
and acids). Some of these organic compounds can act as cloud condensation
nuclei (CCN) [Sun and Ariya, 2006] and, thus, have indirect climatic effects
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through changes in cloud albedo and precipitation efficiency [Haywood and
Boucher, 2000].

Elemental carbon is produced during incomplete combustion of fossil
fuel/biomass burning and pyrolysis of high molecular weight hydrocarbons. EC
exists in the atmosphere as a basic constituent of “soot” particles, is highly
refractory in nature and its chemical structure is somewhat similar to graphitic
carbon. Although, EC is a minor component of carbonaceous aerosols, it plays an
important role in the estimation of radiative forcing as an efficient absorbing
species in the atmosphere after CO, [Horvath, 1993]. It has positive radiative
forcing (warming) at top of the atmosphere (TOA) and negative radiative forcing
(cooling) at the surface [Ramanathan et al., 2001]. EC is considered to be inert
and does not directly take part in atmospheric chemical reactions but it can
provide active surfaces for heterogeneous reactions [Ammann et al., 1998]. It is,
thus, important to study physical as well as chemical characteristics of
carbonaceous species in order to understand their impact on air quality,
atmospheric chemistry and the climate on a regional scale. In this chapter, time-
series measurements on the mass concentrations of EC, OC, water-soluble OC
(WSOC) and secondary organic carbon (SOC), as studied from the two high-
altitude sites in India, are presented. The temporal and spatial variability in the
mass concentrations of carbonaceous species and the role of emission sources and

their emission strength are discussed.

5.2 Results and Discussion

5.2.1 Meteorological Details at Manora Peak

The meteorological parameters, namely rainfall, wind-patterns, boundary
layer height, and the emission strength of natural/anthropogenic aerosols govern
the atmospheric loading, chemical composition and optical properties of aerosols.
The total aerosol mass and concentrations of chemical species are inversely
related to rainfall and thus, the amount of rainfall during a particular season of the

year determines the seasonal and intra-annual variability. The monthly mean
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values of wind-direction, wind-speed, temperature and rainfall at Manora Peak are

shown in Figs. 5.1a, b, ¢ and d, respectively during the sampling period.
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Fig. 5.1: The monthly-average meteorological data of (a) rainfall, (b)
temperature, (¢) wind-speed and (d) wind-direction during the sampling period
(Feb 2005-July 2008) at Manora Peak.

The precipitation over Indian subcontinent is mainly (>80% of the total
annual rainfall) observed during the south-west monsoon (late June to Sep) (Fig.
5.1d) and leads to an efficient washout of atmospheric aerosols. Based on the local

meteorological data (mainly temperature and rainfall), the seasons are generally
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classified as: winter (Dec-Feb), pre-monsoon or summer (March-June), monsoon
(late June-Sep) and post-monsoon (Oct-Nov). The major wind regime (south-
westerly) passing through the Deserts in middle-East and the Thar Desert (in
western India) transport aerosols to north-eastern parts of India and over the
Himalayan mountains [Hegde et al., 2007; Prasad and Singh, 2007; Ram et al.,
2008]. The surface level low pressure in north-western India, aided by the
westerly and north-westerly winds and high ambient temperatures, is mainly
responsible for the long-range transport of mineral aerosols during summer
months [Mishra and Tripathi, 2008; Singh et al., 2005].

The boundary layer dynamics also play an important role in determining
the ambient concentrations of chemical species. Hegde et al. [2008] have reported
that boundary layer height (BLH) is shallower during the post-monsoon compared
to that in pre-monsoon season. The BLH for the four seasons for the year 2006-07
are 1300, 1450, 1000 and 600 m for winter, pre-monsoon, monsoon and post-
monsoon, respectively [Hegde et al., 2008]. Relatively lower temperature, poor
thermal convection and a shallower boundary layer height lead to an increase in

the mass concentrations of chemical species during wintertime.

5.2.2 Temporal and spatial variability in the mass concentrations of

carbonaceous species

The mass concentrations of OC and EC at the two high-altitude sites,
Manora Peak and Mt Abu, exhibit a large temporal and seasonal variability during
the sampling periods. The mass concentrations of OC and EC at Manora Peak
varied from 0.4 to 22.3 ngC m (1.9 to 39.3% of TSP) and 0.14 to 7.6 pgC m>
(0.1 to 7.6% of TSP), respectively (Figs. 5.2a, b). The observed OC and EC mass
concentrations at Manora Peak, in the present study, during April 2005 (9.6 and
1.5pgC m3, respectively) are lower than the values of 51.0 and 4.0 ugC m,
respectively reported by Adhikary et al. [2007] for the same time period. In fact,
OC concentrations never went beyond 25 ugC m™ and the highest OC (22.3 ugC
m=) was observed on 26" Oct 2005 (DOY 299; Fig. 5.2a). However, EC
concentrations on some occasions can be as high as 7.6 ugC m* (e.g. on 4"
March 2008; DOY 64; Fig. 5.2b).
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Fig. 5.2: Temporal variability in the concentrations of (a) OC, (b) EC, (c) WSOC,
(d) OC/EC and (e) WSOC/OC ratio during the sampling period.

The mass concentration of OC and EC ranged from 0.9 to 12.3 pgC m™
and 0.05 to 2.3 pgC m, respectively at Mt Abu (Fig. 5.3). The lower OC and EC
concentrations, at both high-altitude sites, are typical of monsoon (due to efficient
wash-out of aerosols) and summer months (due to lower biomass burning
emission) whereas relatively higher values were observed for the samples

collected during post-monsoon and winter months (Figs. 5.2 and 5.3).
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Fig. 5.3: Temporal variability of OC and EC mass concentrations at Mt Abu
during May 2005-Feb 2006.

Both, OC and EC mass concentrations are relatively higher at Manora
peak compared to those at Mt Abu. The annual average mass concentrations of
TSP, OC, EC and OC/EC ratio at Manora Peak and Mt Abu are shown in Figs. 5.4
a, b, ¢ and d respectively. On annual basis, OC (3.7 + 2.4 ugC m> n =41, 1 o)
and EC (0.5 + 0.5 pgC m™) at Mt Abu account for about 10% and 2% of TSP,
respectively. In contrast, annual average concentrations of OC and EC at Manora
Peak are (8.2 +5.2 pgC m3 n=286,1c)and (1.3 +1.2 uygC m* n =86, 1 c),

respectively which are about 14% and 2% of TSP mass.
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Fig. 5.4: Box plots of TSP, OC, EC and OC/EC ratio at Mt Abu (n= 41) and
Manora Peak (n=86). The boundary of the box closest to zero indicates the 25"
percentile, a line within the box marks the median, and the boundary of the box
farthest from zero indicates the 75" percentile. Whiskers (error bars) above and
below the box indicate the 90™ and 10" percentiles. The mean is represented by
dashed line and points lying outside the whiskers denote outliers.

Total carbonaceous aerosols (TCA), at Manora Peak, constitute ~25-30%
of TSP during winter (Dec-March) and post-monsoon (Oct-Nov) and ~15-20%
during summer (April-June) and monsoon (July-Sep). A value of 1.8 has been
taken for converting the measured OC to organic matter (OM) [Cozic et al., 2008]
and TCA is estimated as the sum of OM and EC (i.e. TCA=1.8*OC + EC). The
conversion factor taken in this study is relatively higher than those used for urban
locations [Rengarajan et al., 2007; Turpin and Lim, 2001] because aerosols at
high-altitude sites are aged and contain oxygenated organic compounds [Pio et al.,
2007; Zhang et al., 2007]. This is further supported by relatively high WSOC/OC
ratios (0.55 = 0.05) at Manora Peak compared to those at urban locations of the

IGP [Ram and Sarin, 2010].
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The monthly average mass concentrations of TSP, OC, EC, TCA, WSOC,
OC/EC and WSOC/OC ratios at Manora Peak are presented in Table 5.1. A clear
seasonal variability could be noticed for the mass concentrations of carbonaceous
species with relatively high concentrations during post-monsoon and winter
months. The mass concentrations of OC and EC are almost a factor of two lower
in July 2006 to Sep 2007 compared to those in other sampling years (Fig. 5.2a and
b). The lower concentrations of carbonaceous species during these time-periods
are attributed to the high rainfall during monsoon season (July-Sep). A similar
variability in BC mass concentrations (measured using the Aethalometer) have
been recently reported at a nearby high-altitude station, Mukteshwar, in northern
India [Hyvarinen et al., 2009]. The average BC mass concentration was 0.8 ugC
m™ for the sampling period (Sep 2005- Sep 2007) with an average single
scattering albedo (SSA) value of 0.81 at Mukteshwar [Hyvéarinen et al., 2009].

Table S.1. Monthly average concentrations (Average = 1c) of TSP, OC, EC, TCA
and WSOC along with the OC/EC and WSOC/OC ratios at Manora Peak during
the sampling period (Feb 2005-July 2008).

Month n | TSP EC ocC TCA  WSOC | OC/EC WSOC/OC
pg m> ratios
Jan 6 |52+22 13+08 93+44 163+£75 52+33|7.2+24 057+0.24
Feb 12|76+49 19+09106+55188+9.8 6.1+3.2/56+1.5 0.56+0.15
March 14|86+32 15+05 88+3.1 15453 3.8+1.0/59+3.1 046+0.11
April 6 |106+59 14+08 9.1+58 159+10.053+2.7({6.5+2.8 0.46 +0.06
May 6 |87+68 0805 47+20 83+36 27+13/59+2.0051+0.12
June 8 (86+111 06+0.2 48+27 84+44 24+1180+27 0.58+0.09
July 7 |55+68 03+£02 29+18 50+29 15+£05|9.7+18 044+0.10
Aug 5 |49+21 05+02 43+21 74+34 19+10(86+1.1 0.44+0.05
Sep 5 |52+18 09+04 69+26 120+44 48+21(69+2.6 0.68+0.11
Oct 6 |78+47 15+08122+6.321.1+10984+48/81+13 0.67+0.13
Nov 5| 47+9 13+06 91+43 158+7552+22(7.0+23 0.61+0.19
Dec 6 [48+20 1.7+0.7123+6.321.3+10.66.7+28|7.2+1.3 0.57+0.11

5.2.3 The OC/EC ratio

The OC/EC ratios at Manora Peak varied from 4.0 to 27.2 during the
sampling period (Fig. 5.4d; Av: 7.7 £ 3.4, 1c). The relatively high OC/EC ratios
at Manora Peak indicate the dominance of scattering OC over the absorbing EC.

The elevated OC/EC ratios also suggest that either these species have been

-77 -



Chapter-5

derived from a primary emission source which is enriched in OC or there is a
significant contribution of secondary organic aerosol (SOA) at Manora Peak. The
biomass burning emissions produces relatively high fraction of OC compared to
EC and thus, results in an enriched OC/EC ratios [Andreae and Merlet, 2001].
Manora Peak is located at an altitude of ~2000 m and emissions from vehicular
and industrial activities are lower compared to those at the sampling locations in
the Indian Plains. Furthermore, a good linear relationship between OC and EC
(R?=0.83, n=86, Fig. 5.5a) suggest that emission sources of carbonaceous species
have remained the same during the sampling period.
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Fig. 5.5: Scatter plots between (a) OC and EC; and (b) WSOC and OC at Manora
Peak.

-78 -



Chapter-5

The changes in the emission strength of carbonaceous aerosols and
meteorological conditions (e.g. boundary layer height and wind-patterns) have
lead to observed variabilities in the abundance patterns of OC and EC at Manora
Peak. The majority of carbonaceous aerosols in India originate from the emissions
from biomass burning (used for cooking and residential heating purposes) and
agricultural-wastes [Gustafsson et al., 2009; Venkataraman et al., 2005]. The
emission from the former source increases during wintertime (Dec-Feb) when
ambient temperatures are relatively lower. Furthermore, relatively low boundary
layer height and poor thermal convection, during wintertime, confine the aerosols.
The increase in ambient concentrations of measured carbonaceous species during
the wintertime are, thus, attributed to the enhanced biomass burning emissions

from residential heating/cooking and a shallower boundary layer height.

5.2.4 Water-soluble organic carbon (WSOC) and WSOC/OC ratio

The WSOC mass concentration at Manora Peak varied from 0.9 to 15.4
ngC m™ during the study period (Feb 2005 to July 2008). The scatter pot between
measured WSOC and OC concentration shows a good correlation with a slope of
0.55 (R°=0.79, n=69, p<0.05, Fig. 5.5b). Although, a significant linear
relationship is observed between WSOC and OC for the entire sampling period,
some of the data points show different WSOC/OC ratios. For example, the lower
WSOC/OC ratios (0.35) in the aerosol samples collected during winter season
probably indicate fresh emission from the Indo-Gangetic Plain (IGP) and less
chemical processing during transport. This observation is also corroborated by the
lower WSOC/OC ratios observed at urban locations (range: 0.32 to 0.40) in the
IGP during wintertime [Ram and Sarin, 2010]. Furthermore, a good correlation
between WSOC and SO, during wintertime (R°=0.57, n=29), compared to that
during summer months (R?*=0.25, n=14), suggest their anthropogenic emissions
and transport from the Valley. However, the average WSOC/OC ratio observed at
Manora Peak (0.55 *+ 0.15; median = 0.53) is lower than that reported at the
Himalayan Nepal Climate Observatory-Pyramid (0.65 + 0.15), situated at an
altitude of ~5079m amsl [Decesari et al., 2010]. Thus, an increasing trend in the

WSOC/OC ratio is observed as we move from sampling sites in the IGP toward
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the high-altitude sites. It has been suggested that WSOC/OC ratios can be used as
an indicator for the secondary organic aerosol (SOA) formation [Kondo et al.,
2007; Weber et al., 2007]. Therefore, the increasing trend in the WSOC/OC ratios
suggest the aging, chemically processed aerosols and/or possible contribution
from secondary organic aerosols [Zhang et al., 2007].

However, a recent study have reported that a significant fraction of freshly
formed SOAs in a semi-arid region can be water-insoluble in nature [Favez et al.,
2008b]. The water-insoluble OC (WIOC; defined as the difference between OC
and WSOC) could also be derived from primary emissions such as biomass
burning and vehicular exhausts [Favez et al., 2008a]. The WIOC concentration
shows a linear relationship with EC concentrations (R?=0.48, n=69) and the slope
(2.6) is similar to WIOC/EC ratios in the IGP for the primary emission sources
[Ram and Sarin, 2010]. The median WIOC/EC ratios at Manora Peak during four
seasons are: 3.0 (winter), 3.8 (summer), 3.9 (monsoon) and 2.6 (post-monsoon).
The resemblance of the WIOC/EC ratios at Manora Peak to those in the IGP
further substantiates the advective transport of primary emitted aerosols from

Indian Plains.

5.2.5 Estimation of secondary organic carbon (SOC)

Secondary organic aerosols are produced in the atmosphere via various
chemical and physical transformation processes involving the oxidation of volatile
organic reactive gases (VORGS) with reactive species like; ozone, hydroxyl and
NOXx radicals followed by coagulation/condensation onto the pre-existing aerosol
particles and ultimately becoming a part of atmospheric aerosols. The direct
measurement of SOAs and secondary organic carbon (SOC), is not possible as
they are being derived from the various physical and chemical transformation
processes. Rather, they are estimated either by accounting the primary organic
carbon (POC) using the EC tracer method and then subtracting it from the total
organic carbon (OC) measured in aerosol samples [Castro et al., 1999; Turpin and
Huntzicker, 1995] or by summing up the concentrations of all such oxidation
products [Schauer et al., 1996].
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The major uncertainty in the estimation of SOC by the EC tracer method
arises due to underlying assumption and assessment of (OC/EC)mi, ratio. The
estimation of SOC is based on the assumption that the samples with minimum
OC/EC ratio have negligible amount of SOC; and the composition of primary
carbonaceous aerosols, their sources are spatially and temporally constant.
However, the latter assumption is not strictly valid as the source composition of
OC and EC is highly variable. The slope of the regression line between OC and
EC is usually used to assess the minimum OC/EC ratio. However, the use of slope
of regression line may provide under-estimation of SOC because of the use of
higher OC/EC ratio resulting from already formed secondary organic aerosols. We
have used the minimum OC/EC ratio from different seasons for the data set as a
representative value for those particular seasons in calculation of SOC.

The estimated secondary organic carbon (SOC), using the EC tracer method,
exhibit a seasonal pattern at both the high-altitude sampling sites. The average
concentrations of SOC at Manora Peak during winter (Dec-March) and summer
2005 are 1.6 pg m™ and 4.3 ng m>, accounting for 14% and 52% of total OC,
respectively, while that in winter and summer 2006 are 2.7 ug m=>and 3.2 ug m;
contributing 26% and 36% of total OC, respectively. For the entire sampling
period, average SOC concentrations contribute to ~30, 48, 37 and 20% (of OC)
during winter, summer, monsoon and post-monsoon seasons, respectively. The
average SOC mass concentrations at Mt Abu during post-monsoon (Oct-Nov) and
winter are 1.1 ug m™ and 1.3 pug m>, accounting 23% and 35% of OC,
respectively. Furthermore, the average SOC concentrations are higher at Manora
Peak compared to that at Mt Abu for the sample collected during the same time-
period of years 2005-2006. The SOC concentrations show seasonal variation at
Manora Peak with maximum observed during summer (April-June). Castro et al.
[1999] have reported that SOC contribute to minimum of about 17% in winter and
maximum 78% during the summer in Portugal based on the minimum OC/EC
ratio method. A similar study by Cabada et al. [2004] had reported that nearly
35% of the OC concentration in western Pennsylvania, during summer of July
2001, is estimated to be secondary in origin. Likewise, Na et al. [2004] have also

suggested that the contribution of SOC to the total organic carbon tends to be
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higher during the season with enhanced photochemical activity (63%) than that
during the time of lower photochemical activity (44%). More recently, study by
Gelencser et al. [2007] suggests that SOA from non-fossil fuel sources becomes

predominant in summer and contribute about 63-76 % of the total organic carbon.

5.2.6 Inter-comparison of mass concentrations of OC and EC with other

high-altitude sites

The mass concentrations of EC and OC at Manora Peak are similar to the
concentrations at other high-altitude sites in the world. For example, Puxbaum et
al. [2000] have reported that average EC and OC mass concentrations at Nylsvley
Natural reserve (altitude: 1100 m) were 0.85 and 14.1 pgC m™ during May 1997.
Hitzenberger et al. [1999] have reported values of 3.8 and 16.2 ugC m™ for EC
and OC at a European background site (Mt Sonnblick, altitude: 3100 m Austria).
Han et al. [2008] have found a similar EC and OC concentrations (3.1 and 19.9
ngC m™ respectively) at a rural-high mountain site (Daihai) in northern China.
However, EC concentrations at Manora Peak are relatively higher compared to the
average BC mass concentrations of 0.15 and 0.45 ugC m™ at Mt Krvavec [Bizjak
et al., 1999] and 0.22 pugC m™ at Mt Mitchell [Bahrmann and Saxena, 1998].
Cozic et al. [2008] have reported that maximum EC and OC concentrations at
Jungfraujoch (altitude: 3580 m) were 0.5 and 2.2 ugC m?, respectively. In a
recent study, Cao et al. [2009] have reported an average values of 0.055 and 0.48
ngC m, respectively for EC and OC at Muztagh Ata, a remote mountain in China
for the sampling period Dec 2003-Feb 2005. However, the mass concentrations of
EC and OC at Manora Peak are an order of magnitude lower compared to those at

sampling sites in the Indo-Gangetic Plain [Ram and Sarin, 2010].
5.3 Summary
The major conclusions drawn from this chapter are listed below:

e The study suggests relatively high TSP mass at the two high-altitude sites

and is associated with high mass fraction of mineral dust throughout the
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sampling period. Total carbonaceous aerosols (TCA) contribute ~15% and
25% of TSP at Mt Abu and Manora Peak, respectively.

The mass concentrations of carbonaceous species are three-to-four time
higher during wintertime (Dec to Mar). On annual basis, absorbing EC
mass contribute ~2% of TSP mass at high-altitude sites.

The relatively high OC/EC ratios, 8.4 and 6.1 at Manora Peak and Mt Abu
respectively, compared to those for urban areas (2.0-3.0), are attributed to
the dominance of organic carbon (associated with poor practices of
burning of wood-fuel and agricultural waste and secondary organic
carbon). This is also reflected in the seasonal variability of secondary
organic carbon concentrations, estimated based on minimum OC/EC ratio
method, with maximum in summer and contributing as much as 50% of
OC.

The WSOC/OC ratios centers around 0.55 + 0.15 at Manora Peak. The
WSOC/OC ratios are much higher than those over urban and rural sites in
the Indo-Gangetic Plain.

The higher WSOC/OC ratios suggest a significant contribution from the
secondary organic aerosols (SOA) produced during the trasnport and aging

of aerosols.
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AEROSOL ABSORPTION PROPERTIES OVER
INDIAN REGIONS

6.1 Introduction

Black carbon (BC), produced during incomplete fossil-fuel and biomass
combustion processes, is one of the major absorbing particulate species in the
atmosphere and is being considered as a driver of the global warming [Andreae and
Gelencser, 2006; Jacobson, 2001]. The absorption and scattering properties of
aerosols are the key parameters to assess direct aerosol radiative forcing and their
climatic impact on a regional to global scale [Menon et al., 2002; Pant et al., 2006;
Venkataraman et al., 2005]. The absorption coefficient (bays) is either measured using
photoacoustic instruments [Arnott et al., 1999; Barnard et al., 2005] or more
commonly used online filter-based absorption methods [Bond and Bergstrom, 2006;
Sharma et al., 2002; Weingartner et al., 2003; Yan et al., 2008; Yang et al., 2009];
whereas scattering coefficient (bs) is mainly inferred from Nephelometer based
measurements [Yan et al., 2008; Yang et al., 2009]. Nevertheless, the assessment of
radiative forcing is associated with large uncertainty arising due to the lack of reliable
measurements of these optical parameters [Schmid et al., 2006]. The filter-based
online absorption measurements are affected by the shadowing and multiple
scattering effects [Bond and Bergstrom, 2006; Schmid et al., 2006; Weingartner et
al., 2003; Yan et al., 2008; Yang et al., 2009]. Also, relevant information on the
mixing state of aerosols is essential as the internal mixing leads to further increase in

absorption signal [Jacobson, 2001; Martins et al., 1998; Schwarz et al., 2008].
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The measurement of BC mass concentration via optical methods is relatively
convenient and rapid but requires knowledge of ‘site-specific’ mass absorption
efficiency (MAE or 6as). A wide range of values for oap (2 to 25 m’g ') have been
reported in the literature, derived based on independent and simultaneous
measurements of EC concentration (by thermal method) and absorption coefficient by
optical methods [Bond and Bergstrom, 2006; Liousse et al., 1993; Sharma et al.,
2002]. The variability in MAE has been interpreted in terms of source regions,
analytical measurement protocols, chemical and optical properties of aerosols at a
sampling site [Martins et al., 1998; Schwarz et al., 2008; Sharma et al., 2002].
Furthermore, aging and atmospheric chemical processing can lead to an internal
mixing and, thus, increases the MAE through enhancement in absorption signal for
the same amount of BC [Schmid et al., 2006; Schwarz et al., 2008]. The use of site-
specific G,ps for the determination of BC mass concentration by optical methods has
been suggested [Sharma et al., 2002]. However, it is common practise to use a
constant value of o5 at a given wavelength. For example, the Aethalometer uses a
value of 16.6 m’g " (at 880 nm) while Particle Soot Absorption Photometer (PSAP)
uses a value of 10 m’g "' to convert measured absorption into BC mass concentration
[Sharma et al., 2002]. A recent review by Bond and Bergstrom [2006] has suggested
avalueof 7.5+ 1.2 ngfl at 550 nm for o, for uncoated soot particles.

Carbonaceous aerosols in south-Asian regions, originating from a variety of
anthropogenic emission sources, are gaining considerable importance because of their
potential impact on regional climate [Menon et al.,, 2002; Pant et al., 2006;
Venkataraman et al., 2005]. In this context, systematic measurements of relevant
optical parameters (BC mass, baps, bscat and site-specific G,ps) from Indian regions are
essential. In this chapter, the measurement of these parameters at 678nm, made on a
thermo-optical EC-OC analyzer, are reported from northern India. The temporal and
spatial variability in absorption coefficient (bays) and mass absorption efficiency (Gabs)

from urban, rural and high-altitude sites are discussed in terms of the varying
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emission sources (vehicular exhaust, biomass burning and fossil-fuel emissions) and

probable mixing states of aerosols.

6.2 Results and Discussion

6.2.1 Optical -attenuation and surface EC concentration

The measured optical-attenuation (ATN) and surface EC concentrations (ECs;
ngC cm™) at Manora Peak varied from 8 to 134 and 0.3 to 9.3 ugC cm™ over the
entire sampling period (Feb 2005-July 2008); whereas the two parameters varied
from 15 to 95 and 0.5 to 3.5 pgC cm™, respectively for the daily samples collected
during wintertime (Dec 2004). The measured ATN and EC concentration exhibit a
significant linear relationship at Manora Peak (R*= 0.96 and 0.86 respectively in Figs.
6.1a, b), indicating the validity of Beer-Lambert’s law and EC as a principal
absorbing component in aerosols. However, this linearity does not extend for EC,
exceeding 4.5 pgC cm™. Recently, Junker et al. [2006] have reported that ATN
measured by Aethalometer (range: 22 to 178) varied linearly with BC surface mass
loading (in unit of pgC cm™). In a related study, it has been shown that about 90% of
data fall in the linear range for by <50 Mm'™! (le'1 =10° m'l) and EC <5 pgC m'3;
but the relationship becomes non-linear for higher EC concentrations [Watson and
Chow, 2002]. In this study, the maximum ATN value of 134 (Fig. 6.1b) and
corresponding by values (33.6 Mm™') at Manora Peak are lower compared to those
reported in the literature [Junker et al., 2006; Watson and Chow, 2002].

The linear regression analysis between ATN and EC; concentration at Manora
Peak yields a slope of 22.4 m’g’ and an intercept of 6.6 (R*=0.86, for n=39,
excluding 7 data points with ECg> 4.5 pgC cm™, Fig. 6.1b). During a field campaign
conducted in Taipei (Taiwan), Chou et al. [2003] had reported a value of 23.7 m’g”
for the slope and 12.0 for the intercept with a correlation coefficient (R?) of 0.69.
Based on the absorption measurements from PSAP and Aethalometer, and thermal

EC concentration using Sunset Lab EC-OC analyser, Snyder and Schauer [2007]
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have reported oarn values of 23.7 + 0.4 m°g” at 660 nm (for the Aethalometer) and
18.3 £ 0.5 m’g”" at 565 nm (for PSAP). The slope of the regression lines (Fig. 6.1)
provides a valuable parameter -attenuation cross-section (carn)- which in turn has
been used to infer ‘site-specific’ mass absorption efficiency of EC (Gaps).

It is noteworthy that intercepts in the linear regression plots for the two high-
altitude sites, Manora Peak (Figs. 6.1a, b) and Mt Abu (Figs. 6.1c, d), are very small
(~1/10™ of the average ATN) and can be neglected. The near-zero intercept for the
data set from these high-altitude sampling sites suggest EC as principal absorbing
component in aerosols. In contrast, intercepts of regression plots for two urban
locations, Allahabad and Hisar (Figs. 6.1e, f), are 60 and 50 (compared to average
ATN: 140 and 130, respectively); statistically very different from zero. The relatively
high intercept in linear regression analyses observed in case of data from urban sites
could be attributed to high ATN values and high EC; concentration. We suggest that
sampling time can be cut down for collection of aerosol samples from the highly
polluted urban sites. The non-zero intercept could also be attributed to the presence of
absorbing species other than EC. Mineral dust is another absorbing species present in
aerosols, however, absorption due to mineral dust is very low compared to that of BC
[Bodhaine, 1995]. The aerosol chemical composition at an urban location, Hisar,
indicates equal dominance of both mineral dust and total carbonaceous aerosols
(~40% of total suspended particulate (TSP) matter) [Rengarajan et al., 2007].
Assuming that contribution of mineral dust to TSP is ~40% and externally mixed
with BC; and by using a value of 0.009 m”g™" for mass absorption efficiency of dust
[Clarke et al., 2004], its contribution to total absorption is no more than 2% at Hisar.
However, a recent study has documented a value of 0.03 m’g” for mass absorption
efficiency of dust [Yang et al., 2009] which indicate that absorption from dust can be
~7% of total absorption at Hisar.
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Fig. 6.1: Linear relationships between optical-attenuation (ATN) and surface EC
concentration (ECs, in unit of xgC cm™), indicating the validity of Beer-Lambert’s
law: (a) and (c) data from high-altitude sites during the wintertime; (b) and (d)
represent extended sampling at two high-altitude locations; () and (f) represent
data for the two urban sites in India. The regression parameters m and c represent
slope and intercept of the best-fit line, respectively.
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The lower absorption characteristics of dust is further supported by relatively
non-absorbing nature of Asian dust observed during the ACE-Asia campaign

(http://www.igac.noaa.gov/newsletter; Issue No. 28). Also, Carrico et al. [2003b]

have reported a mean value of 0.94 + 0.03 for single scattering albedo (SSA) for
polluted dust air mass during the ACE-Asia experiment. Organic carbon (OC) mainly
scatters the radiation but freshly emitted OC, particularly from biomass burning
emissions having significant amount of brown carbon and humic-like substances
(HULIS), can contribute to total aerosol absorption at a lower wavelength
(ultraviolet) region of the spectrum [Andreae and Gelencser, 2006; Dinar et al.,
2008; Hoffer et al., 2006; Kirchstetter et al., 2004; Yang et al., 2009]. The biomass
burning emissions from wood and agricultural crop-waste dominate the atmospheric
loading of carbonaceous species in India [Ram et al., 2008; Venkataraman et al.,
2005]; it is, thus, suggested that freshly emitted OC could be a potential absorbing

component in aerosols at the two urban sites.

6.2.2 Inter-comparison of attenuation coefficient derived by the EC-OC
analyser (barn-ecoc) and the Aethalometer (barn-aeth)

The BC mass concentrations at 880 nm, using Aethalometer based
measurements during Dec 2004 campaign [Pant et al., 2006], have been multiplied
by the attenuation cross-section (16.6 m’g’) to obtain barn.aen values and are
presented in Table 6.1. Although absorption coefficient (bays) has been used
throughout this paper, attenuation coefficient (ban) 1S more suitable parameter
(independent of C and R(ATN)) for inter-comparison of absorption measurements by
the two analytical instruments. The attenuation coefficient (barn-ecoc) assessed by the
EC-OC analyser at 678 nm has been corrected to 880 nm (using a value of unity for
wavelength dependence of Angstrém exponent) in order to match barn.aetn at 880 nm.
The wavelength dependence of bay is normally assumed to be a power law where
the exponent depends on type of absorbing species (batn o A where a is the
Angstrém exponent). The values of the o range from 1 to 3 for wavelengths between

300 nm to 1000 nm but an value of unity have been accepted for Angstrém exponent
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due to light absorbing carbon [Bergstrom et al., 2004]. The measurement of

attenuation coefficient (batn) by two independent analytical methods yields a good

correlation (R*=0.82, n=24, Fig. 6.2) with a slope of unity for samples collected at

high-altitude site, Manora Peak; attesting the validity of our approach for barn

determination.

Table 6.1: Attenuation coefficient (bsrn): Inter-comparison of Aethalometer and EC-

OC analyzer.

Sample 1D Sampling BC# EC bATN-Aeth@ bATN-ECOC$
dates ugC m™ ugC m™ Mm' Mm™’

MNP-8 11-Dec-04 0.96 0.59 15.9 13.9
MNP-9 13-Dec-04 1.42 1.27 23.6 27.4
MNP-12 17-Dec-04 1.61 1.01 26.7 21.0
MNP-13 19-Dec-04 1.84 1.19 30.5 24.1
MNP-14 21-Dec-04 1.70 1.40 28.2 259
MNP-16 23-Dec-04 1.27 0.74 21.0 15.3
MNP-17 25-Dec-04 1.27 0.99 21.0 18.4
MNP-18 27-Dec-04 1.70 1.28 28.2 254
MNP-19 29-Dec-04 0.58 0.34 9.7 7.0

MNP-20 31-Dec-04 0.54 0.40 8.9 9.1

MNP-46 11-Jun-06 0.84 0.88 13.9 13.5
MNP-47 14-Jun-06 0.81 0.92 13.5 16.9
MNP-51 28-Jul-06 0.33 0.40 5.5 8.9

MNP-52 16-Aug-06 0.26 0.26 43 54
MNP-54 14-Sep-06 0.94 0.52 15.7 12.3
MNP-55 28-Sep-06 1.24 1.51 20.5 26.4
MNP-57 30-Oct-06 1.57 0.88 26.1 23.7
MNP-68 12-Jun-07 1.16 0.73 19.2 13.1
MNP-69 23-Jun-07 0.52 0.39 8.6 7.8

MNP-71 27-Jul-07 0.54 0.61 9.0 10.0
MNP-72 15-Aug-07 0.58 0.61 9.6 8.8

MNP-73 26-Aug-07 0.74 0.66 12.4 13.1
MNP-75 25-Sep-07 0.96 0.67 15.9 16.8
MNP-78 12-Nov-07 1.08 1.55 18.0 18.6

* Ambient BC mass concentration for Dec 2004 [Pant et al., 2006] and for the years

2006-2008; @A ethalometer based attenuation coefficient (baTN_ Acth) derived from BC

concentration and attenuation cross-section (16.6 m°g™") [Pant et al., 2006]; % This

study, Attenuation coefficient measured at 678 nm (barn Ec-oc) is been corrected to

match Aethalometer data (880 nm) assuming inverse dependence of wavelength

(batnoc A1),
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Fig. 6.2: Inter-comparison of attenuation coefficient derived from the two different

instrumental

techniques (EC-OC analyser and Aethalometer)

indicate good

agreement. The regression parameters m and c¢ represent slope and intercept of the
best-fit line, respectively.

6.2.3 Spatial and temporal variation of absorption coefficient (baps)

The measured ATN at 678 nm has been used to calculate absorption

coefficient (bays) for different sampling sites in northern-India (Table 6.2).

Table 6.2. Absorption coefficient (b,,s) and site-specific mass absorption efficiency (Gaps)
of EC at different geographical locations in northern India.

Sampling Time Sites n OC/EC EC babs Cabs
ngC m Mm™ m’g’
Jan 07-Mar 08 Kanpur 66 74+35 38+£23 427+£179 12.7+£3.8
Feb 05 - July 08 Manora Peak 86 73+34 13+12 13.7+73 123+29
Dec-04 Manora Peak 20 6.0%£1.9 09+0.3 129+4.6 145+1.1
May 05-Feb 06 Mt Abu 41 6.6+2.1 05+05 58+43 9.8+2.1
Dec 05 - Feb 06 Mt Abu 14 6.1+£20 08+06 80£55 104+1.4
Dec-04 Jaduguda 7 3.1+£06 11.6+2.0 69.7£19.6 6.1£2.0
Dec-04 Hisar 40 85+22 38=+14 399+9.1 11.3£22
Dec-04 Allahabad 19 8.1+1.7 62+£2.0 661172 11.1+£2.6
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The b,ys shows a large spatial and temporal variability, varying by an order of
magnitude, for the entire sampling period and is related to the difference in chemical
and optical characteristics of carbonaceous species derived from different emission
sources (Table 6.2). The bays values at Mt Abu are lower compared to that at Manora
Peak. Among urban sites, bays at Hisar (39.9 + 9.1 Mm™', n=41) is lower compared to
Allahabad (66.1 + 17.2 Mm™', n=19) during wintertime (Dec 2004) and the highest
was observed for rural sampling site, Jaduguda (69.7 + 19.6 Mm', n=7). The average
values of the absorption coefficient, mass absorption efficiency and EC mass

concentrations for the different sampling sites in India are presented in Fig 6.3.
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Fig. 6.3: Spatial variability of the absorption coefficient, mass absorption efficiency
and EC mass concentrations for the different sampling sites, representing high-
altitude (Mt A: Mt Abu and MNP: Manora Peak), urban (HSR: Hisar; KNP: Kanpur
and ALB: Allahabad) and rural (JGD: Jaduguda) sites in India.
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The EC concentration at Jaduguda is 11.6 + 2.0 pgC m™, about a factor of two
higher than that at Allahabad (6.2 + 2.0 ugC m™); whereas OC/EC ratios are higher at
Allahabad compared to that at Jaduguda (Table 6.2). These results indicate that
emission sources, chemical and optical properties of carbonaceous aerosols are quite
different at Allahabad and Jaduguda. Earlier studies have also documented the
dominance of coal-based emissions in the eastern part of India [Prasad et al., 2006;
Reddy and Venkataraman, 2002]. In fact, OC/EC ratios at Jaduguda are lowest
among all sampling locations in northern India (Table 6.2). Thus, relatively low Gaps
values (6.1 + 2.1 m°g") and high EC concentration at Jaduguda is, thus, attributed to
coal-based emissions.

The baps at Manora Peak show a large temporal variability, ranging from 0.9
to 33.2 Mm™' (Fig 6.4a); with lower values occurring in summer (Apr-June) and
monsoon season (July-Aug) due to relatively low EC content in aerosol (Fig. 6.4b).
The predominantly higher b,ys values during post-monsoon (Sep-Nov) and wintertime
(Dec-March) are attributed to enhanced biomass burning activities resulting in higher
EC concentration [Ram et al., 2008]. The b,,s at Manora Peak during wintertime (Dec
2004) varies from 4.4 to 20.9 Mm™' with an average value of 12.9 + 4.6 Mm™' (n=20,
16), a factor of three lower than the reported value of 44.6 + 26.4 Mm™' (n=9) during
Dec 2003 from Taipei by Chou et al. [2005]. Although, ba,s values show a large
variability during Feb 05- July 08 sampling period (range: 0.9-33.2 Mm™), average
babs (12.2 + 6.6 Mm™', n=86) is similar to that obtained in Dec 2004 (Table 6.2).
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Fig. 6.4: The temporal variability of (a) absorption coefficient (baps), (b) EC mass
concentration and (c) mass absorption efficiency (oaps) at Manora Peak.

The optical parameters vary on temporal as well as on spatial scale and
depend on physical properties (e.g. Refractive Index, density and the mixing state)
and chemical composition of aerosol. The aerosol chemical composition at Manora
Peak is dominated by mineral dust and carbonaceous aerosol; total carbonaceous
aerosol (TCA) contributing about 25% of TSP with significantly lower contribution
from absorbing EC (~1-2% of TSP) [Ram et al., 2008]. The observed b,,s values at
Manora Peak are similar to those reported during the ACE-Asia experiment (e.g. 15
Mm™ [Bergstrom et al., 2004]). Recently, Hyvérinen et al. [2009] have reported that
baps values measured using the Aethalometer varies from 4.5 to 23.2 Mm™' during Sep
2005- Sep 2007 at Mukteshwar, a high-altitude site in northern India located nearby
Manora Peak. The BC mass concentrations, based on Acthalometer based

measurement, also exhibit a large spatio-temporal variability over Indian regions
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[Beegum et al., 2009]. If BC mass concentrations are converted to b,ys, one can find
that b,ps values at Manora Peak are an order of magnitude lower compared to those in
the Indo-Gangetic Plain [Ram and Sarin, 2009]. Furthermore, the annual average byps
values at Manora Peak are factor of two higher than those at Mt Abu, another high-
altitude site in western India [Ram and Sarin, 2009].

6.2.4 Site-specific mass absorption efficiency of EC (MAE, G.): Temporal

variability and influence of different emission sources

The biomass burning is characterized by relatively high o, values compared
to that from fossil-fuel emissions [Martins et al., 1998]. Recently, Schwarz et al.
[2008] have reported a value of 13 £+ 3 ng'l for oabs derived from biomass burning
sources. The MAE of EC (oas) exhibits a large spatial and temporal variability,
varying from 3.4 — 21.2 m’g’ during sampling period at different geographical
locations in India. During wintertime (Dec 2004), average values of oas at different
sampling sites are: 6.1 + 2.0 m’g” at Jaduguda (rural), 14.5 + 1.1 m°g"' at Manora
Peak (high-altitude), 10.4 + 1.4 m’g”" at Mt Abu (high-altitude) and 11.1 + 2.6 m’g”’
at Allahabad (urban) and 11.3 + 2.2 m°g”" Hisar (urban). The long-term average Gups
at Manora Peak for Feb 05-July 08 sampling period is 12.3 + 2.9 m’g™". However, the
Gans values at Manora Peak ranges from 4.3 to 21.2 m”g”' for the sampling period (Fig.
6.4c). Despite of a large temporal and sample-to-sample variability in o, values,
measured bays values and thermal EC (in unit of pgC m'3) show a good correlation for
the data with EC <2.0ugC m™ and/or ba,s <25 Mm™ (R*=0.72, n = 73, Fig. 6.5) and
the slope of the best-fit line provides a value of 10.3 m’g"'. However, the linearity
ceases for the data with EC >2.0 ugC m™ and/or b >25 Mm™'. Most of these data

points represent collection of aerosol samples during wintertime (Fig. 6.5).
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Fig.6.5: The scatter plot between b, and EC concentration exhibit significant
correlation up to 25 Mm™ (shown by horizontal dashed line) and 2.0 £gC m™ (shown
by vertical dashed line). The linearity ceases at higher EC concentrations and high
Dans Values.

A large variability in G values, ranging from 2 — 25 m’g’', has been
reported in literature depending on location, composition and the mixing state of BC
in aerosols [Liousse et al., 1993]. For example, Sharma et al. [2002] have reported
that median values for site-specific attenuation cross-section ranges from 6.4 to 28.3
m°g ' for different sites in Canada and have interpreted this variability in terms of
distribution of sources and processes contributing to carbonaceous species at
sampling sites. An average of 10 ng'l is generally taken for o, [Sharma et al.,
2002]; however, Bond and Bergstrom [2006] had suggested a value of 7.5 + 1.2 m’g™
at 550 nm for uncoated soot particles. The relatively high EC concentration (11.6 +
2.0 pgC m™) and low OC/EC ratio (3.1 + 0.6) (Table 6.2) indicates dominance of

coal-based emissions at Jaduguda, resulting in low o, value (6.1 £ 2.0 ng'l). The

higher o, values obtained at Manora Peak, Hisar and Allahabad could be attributed
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to the predominance of aerosol species derived from biomass burning emissions. The
samples collected during wintertime have relatively lower G, values compared to

those for other seasons (Fig. 6.6).
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Fig. 6.6: The monthly average values of baps, oaps @nd EC concentration at Manora
Peak during the sampling period (Feb 2005-July 2008).

The mixing state of aerosols (external or internal) could be a probable reason
for observed seasonal variability in the mass absorption efficiency at Manora Peak.
Recently, Cozic et al. [2008] also found that o5 values shows a seasonal variability
for the samples collected at a high altitude site (Jungfraujoch) with an average values
of 7.6 + 0.2 m’g™ (winter) and 11.1 + 0.2 m’g” (summer) and suggested that higher
Gabs Values in summer probably resulted because of greater coating of BC due to the
photochemical activity. The aerosol particles collected at Manora Peak (during
winter) are relatively drier, located near the source regions (i.e. freshly emitted) and
may exist as an external mixture of aerosols and thus, probably have lower Gaps
values. On the other hand, aerosol particles collected during summer months are aged

and chemically processed during the transport processes and may exist as an
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internally mixed particle, thus resulting in higher o, values. However, the reasons
for the variability in mass absorption efficiency of EC need to further investigated. A
comparison of Gups values obtained in the present study and those reported in
literature is presented in Table 6.3.

The oas values, obtained in this study, are higher than those reported during
the PRIDE-PRD 2004 experiment, e.g. 7.7 m°g” [Andreae et al., 2008]; 7.2 + 1.0 and
9.3+ 1.4 m’g" for PM, and PM;, aerosols [Cheng et al., 2008]. Bond and Bergstrom
[2006] have suggested a value of 7.5 + 1.2 m’g”" for the G at 550 nm for the freshly
emitted soot particles. However, if we assume an enhancement of 50% in the
absorption for coated and aged aerosols [Bond et al., 2006]; the observed o,ps value is
in the similar range as suggested in the literature. The average o value at Manora
Peak is higher than the commonly cited value of 10.0 m’g” and that used in the
Particle Soot Absorption Photometer (PSAP) for the determination of BC mass
concentrations [Sharma et al., 2002]. In a recent study, Miyazaki et al. [2008] have
reported ouus as 9.8 + 0.1 m’g” for a suburban site in Thailand based on a newly
designed Continuous Soot Monitoring System (COSMOS) for the measurement of
BC. Based on Aerosol Robotic Network (AERONET) retrievals, Schuster et al.
[2005] have derived an average values of 10.5 and 10.0 ng'l were obtained for
Asian continental aerosols for the years 2000 and 2001. Dey and Tripathi [2006] have
reported Gups as 7.9 + 1.8, 9.7 + 3.4 and 12.7 + 2.9 m’g” at an urban location
(Kanpur) in northern India, for the years 2001, 2002 and 2003 respectively. The
average ogs at Manora Peak, obtained in this study, is similar to those reported for

Asian aerosols derived based on the AERONET retrievals.
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Table 6.3: Spatio-temporal variability in mass absorption efficiency (MAE, o,ps): Inter-comparison

with literature-based studies.

Location Type Analytical methods Cabs References
Optical Thermal m’g?! Min. Max.
Jaduguda Rural TOT?, Sunset Sunset 6.1+2.0 34 9.1 This study
Hisar Urban TOT, Sunset Sunset 11.3£2.2 6.1 16.4 This study
Allahabad Urban TOT, Sunset Sunset 11.1+2.6 7.5 16.8 This study
Mt Abu High-altitude TOT, Sunset Sunset 104+1.4 8.1 12.2 This study
Manora Peak High-altitude TOT, Sunset Sunset 123+29 6.1 19.1 This study
IMPROVE*-
Diesel emitted  Aethalometer TOR™ 8.5 Moosmuller et al. [2001]
Baltimore and suburban Acthalometer IMPROVE-TOR 7.1 Chen et al. [2002]
Washington ambient
Six sites across  Remote, urban, 10 meter  IMPROVE-TOR 6.4 283 Sharma et al. [2002]
Canada rural
Six gzzsazzross and suburban  Photoacoustic ~ Cachier/NIOSH" 3.2 11.6 Sharma et al. [2002]
Fresno . Watson and Chow
supersite, CA Urban ambient  Aecthalometer IMPROVE-TOR 11.4+0.7 [2002]
biofuel and
INDOEX fossil fuel pSAP* EGA® 81407 56 10g OL Mayol-Braceroet
L al. [2002]
emission
INDOEX INDOEX PSAP Sunset 11+5 5 40 Mader et al. [2002]
A polluted
ACE-Asia ool mixed PSAP NIOSH 3 9 Huebert et al. [2003]
experiment )
with dust
National Park, Photoacoustic Acthalometer 8.4 9.9 Arnott et al. [2003]
S. Texas
ACE-Asia ACE-Asia PSAP Sunset 7.0+2 Clarke et al. [2004]
experiment
Rochester and Traffic
Philadelphia impacted Aethalometer Sunset 59 548 Jeong et al. [2004]
. Marine,
ACE-Asia = 1o and PSAP NIOSH 5 25 Quinn et al. [2004]
experiment .
dust mixed
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Mexico city
Vienna urban
Tokyo, Japan
Mexico city Tl
Mexico city T2
Jungfraujoch,

high-altitude

Jungfraujoch
Northern- rural site
China
China
France
urban aerosols
Biomass
burning
aerosols
Background
continental air
South-Asia  Diomass fuel
combustion
Mexico City
Metropolitan
Area

AERONET®
AERONET
Aethalometer
and MAAP®
PSAP
PAS
PAS

PSAP

MAAP

MAAP

PAS"™

Aethalometer
Aethalometer
SP2™ and
PSAP

SP2 and
PSAP

SP2 and
PSAP
Integrating
Plate method

PSAP

several thermal
methods
Sunset
Sunset
Sunset

TOA

Sunset

Sunset

Aethalometer

IMPROVE-TOR
Sunset

Sunset

SP2

9.9
89 o0r8.2

8.9
8.7
10.8

8.5

7.6+0.2

11.1£0.2

8.28

11.7
10.5

7.5+2.0

13.3+3.0

93+2.0

10.5

1.7
7.8

6.8

12.5
9.5

8.7

15

Schuster et al. [2005]
Barnard et al. [2005]
Hitzenberger et al.
[2006]

Kondo et al. [2006]
Doran et al. [2007]
Doran et al. [2007]
Kirchstetter and
Novakov [2007]

Cozic et al. [2008]

Cozic et al. [2008]

Yan et al. [2008]

Zhang et al. [2008]
Sciare et al. [2008]

Schwarz et al. [2008]

Schwarz et al. [2008]

Schwarz et al. [2008]
Habib et al. [2008]

Subramanian et al.
[2009]

TOT®: Thermal Optical Transmittance; IMPROVE': Interagency Monitoring of Protected Visual Environments;
TOR™": Thermal Optical Reflectance; NIOSH"-National Institute for Occupational Safety and Health; PSAP*:
Particle Soot Absorption Photometer; EGAS: Evolved Gas Analysis; AERONET®: Aerosol Robotics Network;
MAAP': Multi-Angle Absorption Photometry; PAS™": Photo- Acoustic Spectrometer; SP2™: Single Particle Soot

Photometer
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6.3 Summary

The major conclusions drawn from this chapter are listed below:

A novel approach for the determination of aerosol absorption coefficient (baps,
Mm™) and mass absorption efficiency (s, m’g") of elemental carbon (EC) is
proposed, wherein simultaneously measured optical-attenuation (ATN, equivalent
to initial transmittance) of 678 nm laser source, using thermo-optical EC-OC
analyzer, has been used for the determination of o, and absorption coefficient.
This method can serve as a reliable and relatively effective off-line measurement
of aerosol optical parameters.

At high-altitude sites, measured ATN and surface EC loading (EC,, ugC cm™) on
the filters exhibit linear positive relationship (R*=0.86 — 0.96), suggesting EC as a
principal absorbing component. However, relatively large scatter in regression
analyses for the data from urban sites suggests contribution from other species.
The representative MAE of EC, during wintertime (Dec 2004), at a rural site
(Jaduguda) is 6.1 + 2.0 m°g". In contrast, MAE at the two high-altitude sites is
14.5 £ 1.1 (Manora Peak) and 10.4 + 1.4 (Mt Abu); and that at urban sites is 11.1
+ 2.6 (Allahabad) and 11.3 + 2.2 m’g"' (Hisar). The long-term average MAE at
Manora Peak (Feb 2005 to July 2008) is 12.3 + 2.9 m’g™ (range: 4.3 to 20.9 m’g’
1. These results are unlike the constant conversion factor used for MAE in optical
instruments for the determination of BC mass concentration.

A large temporal and spatial variability in the absorption coefficient is observed
over the urban, rural and high-altitude sites in India. The lower absorption
coefficient values are typical of the high-altitude sites and higher values for the
urban and rural atmosphere.

The results presented in this study have relevance for the climate studies over
south Asian region where measurements of aerosol optical properties are lacking

in the literature.
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SYNTHESIS AND SCOPE OF FUTURE RESEARCH

7.1  Synthesis

The chemical composition and optical properties of atmospheric aerosols are
highly variable in space and time due to the changes in the source characteristics (types
and emission strength), meteorological conditions and transport of aerosols. The study on
the chemical characterization of ambient aerosols provides an effective tool to understand
the formation of secondary aerosols, atmospheric chemical processes, transport and the
aging of aerosols. On the other hand, in-situ measurements of aerosol optical properties
(along with chemical composition) can be used for the better estimation of direct aerosol
radiative forcing on a regional scale. Furthermore, ground and long-term measurements
of atmospheric chemical constituents can also be used for the validation of aerosol optical
properties retrieved from the satellite data. In order to understand the spatio-temporal
variabilities in aerosol mass concentration, chemical constituents and optical properties; a
long-term ambient aerosol sampling was performed from selected locations representing
urban (Kanpur: Jan 2007-March 2008) and the two high-altitude sites (Mt Abu: May
2005-Feb 2006 and Manora Peak: Feb 2005-July 2008) in northern and western India.
Furthermore, these observations have been compared with a short-term aerosol sampling
carried out during Dec 2004 from urban (Hisar, Allahabad), rural (Jaduguda) and the
high-altitude site (Manora Peak) in the Indo-Gangetic Plain (IGP).

The PM;(, mass concentration exhibits a large temporal variability and ranged
from 42 to 312 pug m™ during a one-year sampling period at Kanpur. Total carbonaceous
aerosols (TCA) and water-soluble inorganic species (WSIS) contribute nearly two-third
of the PM;¢ mass during wintertime whereas their contribution is only ~35% during

summer. Boundary layer dynamics, varying sources and their emission strength,
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secondary aerosol formation and transport of aerosols all contribute to the seasonal trend
in aerosol mass concentrations at Kanpur. Based on the chemical tracers (K"
concentrations, K'/OC and OC/EC ratios), biomass burning emission (wood-fuels and
agricultural waste) has been identified as a major source of carbonaceous aerosols at
urban and high-altitude sites in northern India.

At high-altitude sites, the total suspended particulate (TSP) mass also exhibits
large temporal variability; varying from 13 to 432 pg m™ (at Mt Abu) and 13 to 272 pg
m™ (at Manora Peak). Simultaneous measurements of aerosol optical depth (AOD), at
Manora Peak, also exhibit a significant increase during summer months. On annual-scale,
TCA and WSIS contribute nearly 25% and 10% of TSP mass, respectively. The chemical
analyses of ambient aerosols from high-altitude sites suggest the dominance of mineral
aerosols throughout the sampling period. However, the dominance of mineral aerosols (to
TSP and AOD values) is significantly pronounced during summer months (April-June)
under the prevailing south-westerly winds when long-range transport of aerosols
originating from the desert regions in the middle-East and the Thar Desert (in western
India). The long-range transport of mineral aerosols was established with the help of
water-soluble Ca (Ca®") in aerosols and back trajectory analysis of the air-masses
reaching at respective sampling locations.

The mass concentrations of OC, EC and WSOC at urban and rural locations in the
IGP are an order of magnitude higher is than those at the high-altitude sites. The
enhancement in their mass concentrations is largest during wintertime when biomass
burning emission strength is highest and a boundary layer height help in trapping the
aerosols more efficiently. The increase in the biomass burning emission strength is also
reflected by the seasonal trend in the mass concentrations of OC and EC at Kanpur when
concentrations are a factor of two-to-three higher in the wintertime (compared to those
during summer months). A characteristic feature of the carbonaceous species in aerosol
samples from the urban and high altitude sites is also reflected in the OC/EC ratios
(Av=7.8 £ 3.4). This is in sharp contrast to their mass ratio from a rural site, influenced
by coal-based emissions, in the north-eastern part of India (range: 2.1-4.0, Av=3.1 + 0.6,
n=7).
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The WSOC/OC ratios are fairly uniform (~0.35-0.40) in aerosols over urban and
rural sites in the IGP. However, WSOC/OC ratios at high-altitude site (~0.55) and those
in the IGP during summer moths (~0.50) are much higher compared to that during
wintertime suggesting a significant contribution from the secondary organic aerosol
(SOA). The SOA formation is further corroborated by the elevated WSOC/OC ratios in
the daytime samples (0.66 + 0.11) compared to that in the nighttime samples (0.47 +
0.07) at Kanpur. However, secondary inorganic aerosols (NOs, SO4* and NH4") were
prominent during wintertime (Dec-Feb), under the prevailing meteorological conditions
(low ambient temperature and high relative humidity). The enhanced contribution from
carbonaceous and inorganic species and their hygroscopic growth could be a possible
cause for the fog and haze weather conditions during wintertime over northern India.

At high-altitude sites, measured optical-attenuation (ATN) and surface EC
loading (EC;, ngC cm™) on the filters exhibit linear positive relationship (R*=0.86-0.96),
suggesting EC as a principal absorbing component. However, relatively large scatter in
regression analyses for the data from urban sites suggests contribution from other
absorbing species. The representative mass absorption efficiency (caps) of EC, during
wintertime (Dec 2004), at a rural site (Jaduguda) is 6.1 + 2.0 m°g”". In contrast, the Gy
values at the two high-altitude sites is 14.5 = 1.1 (Manora Peak) and 10.4 &= 1.4 (Mt Abu);
and that at urban sites is 11.1 + 2.6 (Allahabad) and 11.3 £ 2.2 m’g” (Hisar). The spatial
variability in o.s values are attributed to the sources (biomass burning emissions and
urban and rural sites vs coal-based emissions at the rural site) and the mixing state of
aerosols. These results are unlike the constant conversion factor used for MAE in optical
instruments for the determination of BC mass concentration. A large spatio-temporal
variability is observed for the aerosols absorption coefficient (b,ps, at 678 nm); the lower
values are typical of the high-altitude sites and higher values for the urban and rural
atmosphere. The average aerosol absorption coefficients, at the high-altitude sites, are an
order of magnitude lower that those at urban and rural sites in northern India. Such large
variability documented for the absorption parameters suggests the need for their suitable

parameterization in the assessment of direct aerosol radiative forcing on a regional scale.
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7.2 Scope for the future research
7.2.1 Evaluation of organic aerosols

This study has provided the chemical characteristics of ambient aerosols (bulk,
PM,s and PM¢) from urban, rural and high-altitude sites in India. Biomass burning
emissions has been inferred as a major source of carbonaceous aerosols based on selected
tracers (measured K concentration, OC/EC and K'/OC ratios). However, the source
information needs to be better constrained with the help of radiocarbon (**C) analysis of
ambient aerosols and selected tracers such as levoglucosan (for biomass burning
emission). Future investigations on the emission inventories of primary and secondary
organic aerosols (POA and SOA, respectively) and the measurements of poly-aromatic
hydrocarbon (PAHs) would be required to constrain the organic aerosol budget from
south-Asian region.

Based on an increase in the WSOC/OC ratios during summer, this study has
provided an evidence for the secondary organic aerosol (SOA) formation. The formation
mechanism and the aging of organic aerosols during the transport could be another
important area of research in the future [Jimenez et al., 2009; Zhang et al., 2007]. This
could be easily achieved with the real-time measurements using an Aerosol mass
spectrometer (AMS). Furthermore, the measurements of volatile organic compounds
(VOCs) and oxidizing species (O3, OH, NOy radicals), low molecular weight carboxylic
acids (C2—C6) can provide an insight for the evolution of organic aerosols over the Indo-
Gangetic Plain, a highly polluted environment in northern India [Agarwal et al., 2010;
Miyazaki et al., 2009]. It is well known the water-soluble organic carbon (WSOC) can act
as cloud condensation nuclei (CCN). The hygroscopic growth, cloud activation and
droplet formation needs to be understood for the precipitation processes and the semi-
direct effect of aerosols. For such studies, the measurements of surface tension of the
surfactant (water-soluble aerosols) will be an important parameter [Padré et al., 2010].
Furthermore, measurements of the CCN properties and size-distribution (using a
Scanning Mobile Particle Sizer; SMPS) will be helpful to understand the new-particle
formation events under high relative humidity (RH) conditions and in the presence of

secondary aerosols.
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The pure snow is highly reflective of the solar radiation. The deposition of
aerosols on the ice surfaces can act as a catalyst for the melting of the ice-sheets. The
presence of relatively high amounts of absorbing black carbon (BC), in ambient aerosols
over south-east Asia, can further enhance the melting of the Himalayan glaciers
[Yasunari et al., 2010]. The quantification of BC and dust deposition in the Himalayan

glaciers and their possible linkage with melting needs to be explored in the future.

7.2.2  Aerosol chemistry

The present study has established that secondary inorganic aerosols (SIA; NH,",
SO4* and NO3) constitute ~30% of the acrosol mass, during wintertime, over urban
atmospheres of northern India. The future research should focus on the formation
mechanism of SIAs, through the simultaneous measurements of gaseous pollutants
(sulfur dioxide; SO,, nitrogen oxides; NOx = NO + NO,, ammonia; NH3, sulfuric acid;
H,S0O4 and nitric acids; HNOs), and their partitioning into the solid-phase aerosols. In this
regard, a study on the conversion mechanism of sulfur and nitrogen species and
conversion ratios should be focused. The secondary formation of particulate NOj3", in an
urban atmosphere, is of significant interest because it regulates NOy, O3 abundances and
their life-times. In the daytime photochemical reaction, NOy act as a catalyst in the
formation of Os; whereas it acts as a sink for O; in the troposphere during nighttime
[Brown et al., 2004; Brown et al., 2006]. The photochemical formation of NOj;™ in the
daytime also facilitates the oxidation of volatile organic compounds (VOCs) to form
secondary organic aerosols (SOA), which in turn increases the hygroscopicity of ambient
aerosols. Thus, the formation of NO;” would be an important area of research in the
future. It is also observed that the mass concentrations of secondary inorganic aerosols
and carbonaceous species (EC, OC and WSOC) show three to four-fold increase during
haze days over the IGP. The secondary aerosol formation under the favorable
environmental condition and their hygroscopic growth should be looked into as possible

causes for the fog-haze formation over the IGP during wintertime.

7.2.3 Studies on optical properties and radiative forcing
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This study has provided a novel approach for the measurements of aerosol
absorption properties using a thermo-optical EC-OC analyzer and has documented a large
spatio-temporal variability in aerosol absorption coefficient (bays) over the Indian sites.
The aerosol absorption has been firmly attributed to the presence of elemental carbon
(EC). However, the absorption from humic-like substances (HULIS), produced during
biomass burning emission (a major source of carbonaceous aerosols in the IGP), should
be investigated in the future. Although, earlier studies have suggested a weak absorption
characteristics of Asian mineral aerosols; the absorption from mineral dust needs to be
quantified in the future.

Another important optical parameter, namely scattering coefficient (bsc), is
widely used for the estimation of single scattering albedo (SSA; the ratio of scattering
coefficient to the sum of scattering and absorption coefficients) and the radiative impact
of aerosols. Unlike the EC (solely absorbing particulate species); all the chemical species
scatter the solar radiation and thus, scattering coefficient depends on the chemical
composition of aerosols. Thus, the measurements of the chemical species (provided in
this study) can be used for the estimation of aerosol scattering coefficient. Furthermore,
the enhancement in the scattering properties due to hygroscopic growth of aerosols
should be studied. Finally, these optical parameters can be used for the inter-comparison
with other techniques/measurements and more importantly, for the validation of satellite
based retrievals which can provide a global coverage.

The chemical reactions, which occur on aerosol surfaces, can turn the initially
hydrophobic particles (e.g. soot) into hydrophilic by adding a coating of soluble
substances. Therefore the composition of individual particles, i.e. their mixing state, is an
important factor for determining whether an aerosol particle can act as cloud
condensation nuclei (CCN). The scanning electron microscope (SEM) analysis of
aerosols can, thus, provide an insight to the coating of soluble species on aerosol
surfaces. This information can be then used to infer the mixing state and the extent of

chemical processing and for the prediction of CCN activity.
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APPENDIX-1: ACRONYMS

ACE-Asia Asian Aerosol Characterization Experiment

AMS Aerodyne Mass Spectrometry

AOD Aerosol Optical Depth

BL Boundary Layer

babs Aerosol Absorption Coefficient

becat Aerosol Scattering Coefficient

CCN Cloud Condensation Nuclei

EC Elemental Carbon

IPCC Intergovernmental Panel on Climate Change

oC Organic Carbon

PAH Poly Aromatic Hydrocarbons

PM; s Particulate Matter of acrodynamic diameter less than or equal to 2.5 pm
PMy Particulate Matter of aecrodynamic diameter less than or equal to 10 um
POA Primary Organic Aerosol

PPM Parts Per Million

PPB Parts Per Billion

STP Standard temperature (25° C) and pressure (760 mm)
SOA Secondary Organic Aerosol

SOC Secondary Organic Carbon

SEM Scanning Electron Microscopy

Gabs Mass Absorption Efficiency of EC

TCA Total carbonaceous aerosols

TEM Transmission Electron Microscopy

TOF-MS Time-Of-Flight Mass Spectrometry

TSP Total suspended particulate
VOC Volatile Organic Compound
WIOC Water-Insoluble Organic Carbon
WSOC Water-Soluble Organic Carbon
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